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Theme 


The  propagation  medium  is,  in  effect,  an  integral  pan  of  many  military  systems  For  the  most  pan,  interest  in  the  propagation 
medium  has  been  focussed  on  identifying  and  quantifying  the  limitations  it  imposes  on  systems,  rather  than  on  ways  H  might  be 
■fcered,  or  controlled.  The  results  of  on-going  theoretical  and  experimental  research  show  potential  for  modifying  selected 
regions  cf  the  ionosphere  in  order  to  affect  radio  wave  propagation.  A  variety  of  modification  techniques  are  being  investigated, 
both  ground-  aid  space-based,  to  increase  or  decrease  existing  ionization  or  to  create  independent  artificial  plasmas.  These 
lecfmtt^jes  indude  high  power  radio  waves,  lasers,  particle  beams,  and  chemical  releases.  In  addition,  recent  developments  ■ 
high  power  RF  sources  raise  concerns  over  system  timirations  due  to  self  induced  anomalous  absorption,  ray  path  deviation  and 
dufter.  This  Symposium  win  present  the  current  state  of  ionospheric  modification  technology,  with  emphasis  on  potential 
applications  for  enhancing  or  degrading  the  performance  of  military  communications,  surveillance  and  navigation  systems. 


Some  topics  to  be  covered  would  indude: 


L 

2. 


X 

4. 

J. 

6. 


General  aspects  of  Ionospheric  Modification 
Ground-Based  RF  Heating  including 
HF  Heating  (Vertical  and  Oblique) 
High  Power  Microwave  Heating 
Chemical  Modification 
Space  Based  Modification 
Wave-Particle  Interaction 
Potential  Applications 
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Le  mifieii  de  propagation  es t.  par  ses  effets,  une  caracteristique  de  beau  coup  de  systemes  militaires.  La  phipart  des  efforts 
comacres  k  la  recherche  dans  ce  domaine  ont  porte  sur  ridentifKation  ct  la  quantification  des  limitations  qu*il  impose  am 
systemes,  phitot  que  sur  des  solutions  qui  permettraient  dc  le  modifier  ou  de  la  controler.  Les  resultats  des  travaux  de  recherche 
theorkpses  et  experimentaux  en  coun  laisscnt  p  re  voir  un  certain  potentiel  cn  ce  qui  conceme  la  modification  de  ccrtaines 
regions  de  Honosphcre  preselectionnees,  afin  d' cxercer  unc  influence  sur  la  propagation  des  ondes  radio-eiectriques. 

Toute  une  gamme  de  techniques  est  a  1'etude.  Elte  fait  appcl  a  des  cquipements  basis  au  sol  ou  dans  Tespacc,  dont  le  but  etf 
<faugmenter  ou  de  redt  ire  rior.isation  existante,  ainsi  que  de  crcer  des  plasmas  artificiels  independants. 

Ces  techniques  comprennent  les  ondes  radio-el ectriques  de  grande  puissance,  les  lasers,  les  faisccaux  de  parti cules  et  Teraissk* 
de  gac  en  outre,  les  progres  realises  dans  le  domaine  des  sources  HF  de  grande  puissance  soulevent  un  certain  nombre  de 
<pestions  concemant  les  limitations  imposees  au  systemes  par  labsorption  autoindmte  anomoJe,  la  deviation  du  parcours  de 
roodeetle  clutter. 

Ce  tymnoswo  presente  Tetat  actue!  des  connaissances  dans  le  domaine  de  la  technologie  de  la  modification  de  la  ionosphere. 
L'accenf  est  mb  sur  les  applications  possibles  en  vue  de  ('amelioration  ou  la  degradation  des  performances  des  systemes 
ngifirca  de  tdecommurocations,  de  surveillance  et  de  navigation. 

Parmi  les  sujets  examines,  on  dbtingue: 

L  Aspects  generaux  de  la  modification  de  Honosphere 

2.  L’echauffement  HF  effectue  a  partir  du  sol,  soit: 

L’echauffement  HF  (vertical  et  oblique) 

L'&iuaiffement  hertrien  de  puissance  flevee 

3.  La  modification  de  rionosphere  par  emission  de  gaz 

4.  La  modification  de  rionosphere  aumoyende  materiel  transporte  par  satellite 

5.  Les  interactions  oode-particule 

6.  Les  applications  poten  tidies 
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THE  PHYSICS  OF  GROUND  BASED  HEATING 

ty 

Professor  T  B  Jones 
Department  o<  Physics  &  Astronomy 
University  of  Leicester 
University  Road 
Leicester  LEI  7RH 

Introduction 

The  first  indication  that  powerful  radiowaves  could  modify  the  earth's  ionosphere  was  the  discovery  of  the 
Luxembourg  Effect  in  1933,  (Tellegen,  1933).  The  transfer  of  the  modulation  of  the  high  power  Luxembourg 
broadcasts  on  to  weaker  signals  propagating  through  the  same  region  of  the  ionosphere  could  only  be  explained 
in  terms  of  ionospheric  “cross  modulation'  (Bailey  A  Martyn,  1934). 

The  ionospheric  electron  temperature  and  hence  its  electron  density,  were  changed  by  the  high  power  wave  and 
these  subsequently  influenced  other  radio  signals  propagated  through  the  'modified'  region.  In  the  early  1970s,  it 
was  realized  that  high  power  radio  waves  could  produce  a  many  instabilities  in  the  ionosphere  in  addition  to  the 
collision  phenomena  associated  with  the  Luxembourg  effect.  These  instabilities  have  a  wide  range  cf  spatial  and 
temporal  scales  and  a  number  of  heating  facilities  were  specially  built  both  in  the  West  and  In  the  Soviet  Union, 
to  study  their  characteristics.  Special  Issues  of  a  number  of  journals  have  been  exclusively  devoted  to  heating 
results,  eg.  J.Geophys.Res.  1970,  Radio  Science  1974,  J.  Atmos  Terr  Phys.  1982  and  1985. 

High  Power  Modification  Facilities. 


The  strongest  interaction  between  a  radio  wave  and  the  ionospheric  plasma  occurs  when  the  wave  frequency  is 
approximately  equal  to  the  local  plasma  frequency.  Thus,  heating  facilities  operate  :n  the  range  3  to  12  MHz  to 
correspond  with  E-  and  F-region  plasma  densities.  A  typical  heater'  Is  capable  of  delivering  about  2  MW  of 
power  into  an  antenna  which  forms  a  beam  directed  ve-.tically  into  the  ionosphere  Provision  is  made  for 
radiating  either  ordinary  (O),  extraordinary  (X)  or  linear  polarization.  The  antenna  gain  is  usually  cf  the  order  of 
about  20  db,  thus  an  effective  radiated  power  (ERP)  of  about  200  MW  can  be  produced.  The  power  density 
F  (tiWm!)  in  the  beam  at  a  range  R  (km)  is  related  to  the  ERP  (MW)  by 


and  the  electric  field  E  (Vm  'l 


E  • 

R 

Thus,  an  erp  of  200  MW  yields  power  fluxes  of  150  pWtr.'2  and  65  uWm'Jat  E  (110km)  and  F  (250km)  layer 
heights  respectively. 

The  interaction  of  five  h!gh  power  wave  with  the  ionosphere  involves  a  number  of  complicated  processes  which 
can  he  subdivided  into  four  general  classes  as  indicated  in  Figure  1.  The  bme  scales  for  these  processes  differ 
appreciably,  ranging  from  a  few  milliseconds  to  tens  of  seconds  as  illustrated  schematically  in  Figure  2.  These 
various  interaction  processes  are  now  considered  in  detail 


Coillsioea!  Interactions  fD- region). 

The  collisions)  absorption  of  heater  wave  energy  in  the  lower  ionosphere  (D-region)  produces  a  rapid  increase  in 
electron  temperature  which  causes  an  increase  in  electron  collision  frequency  and,  hence,  in  the  absorption 
coefficient  (JATP  Special  Issue,  1982).  These  changes  will  influence  the  propagation  of  other  radio  waves  passing 
through  the  heated  region  particularly  at  frequencies  in  the  HF  band  and  below.  The  time  constants  of  these 
heating  processes  are  very  short  (-  08  msec)  and,  thus,  amplitude  modulation  of  the  heater  signal  can  be 
transferred  to  other  (low  power)  radio  waves  passing  through  the  disturbed  region  as  In  the  classical 
Luxembourg  effect  already  referred  to. 


IA-2 


The  electron  temper* ture  modulation*  produced  in  the  D  and  E  region*  by  amplitude  modulating  the  heating 
*»»»«,  also  produce  electron  density  modulation*  via  the  electron  temperature  dependent  recombination  rates. 
Consequently,  the  ionospheric  conductivities  are  modulated  and  in  the  presence  of  the  electric  field,  «n 
alternating  current  Is  generated  which  radiates  at  the  modulation  frequency  of  the  modifying  heater  (HF)  wax* 
CStubbe  et  al  1962).  Significant  signal  levels  in  the  ULF,  ELF  and  VLF  bands  have  been  radiated  by  moduhting 
die  heater  in  this  manner  as  indicated  in  Figure  3.  Low  frequency  radiations  have  been  stimulated  from  both 
auroral  and  equatorial  electrojets  and  this  type  of  radiation  generation  could  have  new  applications  in  long 
distance  and  sub-surface  communications. 

taill  scale  F-region  irregularities. 

At  liigh  wave  powers.  Instabilities  can  be  generated  In  the  Ionospheric  plasma  by  means  of  a  variety  of 
parametric  instabilities  (Fejer  1979,  Robinson  1939).  These  occur  when  the  frequency  of  the  heating  (pump) 
electromagnetic  wave  is  dose  to  the  plasma  frequency  and  is  polarized  in  the  o.dlnary  (O)  mode.  At  least  one  of 
the  parametrically  exdted  waves  is  an  electron-acoustic  wave  with  frequendes  dose  to  the  pump  frequency. 
Examples  of  such  Instabilities,  where  coupling  between  the  wave  modes  is  due  to  the  Ponderomotive  force  (Fejer 
1979),  are  the  parametric  decay  Instability  (FDD  and  the  oscillating  two  stream  instability  (OTSI).  The  PD1  is  a 
three  wave  interaction  in  which  the  second  decay  product  la  a  low  frequency  ion  acoustic  wave  (see  Figure  4). 
The  06 ltd  is  >  four  wave  process  in  which  the  pump  wave  decays  into  tut  electron  acoustic  wave  and,  in 
addition,  two  zero  frequency  perturbations  which  constitute  a  spatially  periodic  plasma  density  Irregularity 
(Dysthe  et  al  1963,  Weathers!!  et  al,  1932). 

The  time  history  of  the  development  of  these  various  Instabilities  is  illustrated  schematically  In  Figure  2. 
Initially  there  is  a  rapid  growth  of  short  wavelength  electrostatic  nodes  driven  by  the  PDI  and  OT5I.  These 
plasma  disturbances  can  be  detected  by  the  initial  enhancement  of  the  ion  line  spectrum  in  incoherent  radar 
backscatter  (Djuth  et  al  1936,  Kohl  et  al  1933).  Two  examples  of  ESCAT  observations  of  these  effects  are 
reproduced  in  Figure  Si 

The  central  panel  of  the  figure  corresponds  to  the  ion  accustic  spectrum  and  eantsins  two  enhanced  peeks  at  +  10 
kHz  phis  new  peak  at  zero  Doppler  shift  (zero  frequency.)  Th«e  enhancement*  are  diaracteristic  of  scatter  from 
tew  frequency  electrostatic  inodes  and  all  three  peaks  have  amplitudes  which  are  much  greater  than  the  normal 
thermal  fact  acoustic  rpectrum.  The  two  panels  to  the  right  and  left  in  the  figure  represent  the  up  shifted  and 
down  shifted  plasma  line  respectively.  These  lines  are  shifted  by  the  plasma  frequency  (approximately  5  MHz  Is 
dw  cast)  from  the  zero  Doppler  shift  position  of  the  940  MHz  raaar  frequency.  The  plasm-  line  also  shows 
considerable  structure.  The  peak  at  zero  Doppler  shift  corresponds  to  an  enhanced  plasma  line  signature. 
However,  the  interesting  feature  is  the  more  intense  peaks  which  are  displaced  by  approximately  10  kHz  towards 
the  central  km  line.  These  intense  peaks  have  been  Interpreted  (Kohl  et  al,  1963)  as  decay  lines  (FDD- 

The  presence  of  tire  OTSI  is  Indicated  by  tire  existence  of  the  3  peeks  at  zero  Doppler  shift  and,  in  tire  case  of  tire 
lower  pend  in  Hgure  3,  this  pretest  dominates  It  must  be  emphasised  that  tire  spectral  features  reproduo  1  in 
Figure  S  are  highly  transient  and  are  usually  observed  immediately  after  heater  turn  on. 

The  onset  and  nonlinear  evolution  of  the  Thermal  Oscillating  Two  Stream  instebUity  (TOTSD  causes  the  growth 
of  smell  scale  Reid  aligned  irregularities.  These  in  turn  give  rise  to  anomalous  absorption  effects  which  reduce 
tire  pump  power  and  so  quench  the  short  wavelength  electrostatic  inodes  associated  with  the  PDI  and  OTS1 
instabilities.  This  quenching  effect  accounts  for  the  transient  nature  of  the  spectral  peaks  observed  in  tire 
incoherent  scatter  spectrum.  Many  theories  have  been  proposed  to  account  for  the  growth  of  the  small  scale 
(regularities  and  of  tire  anomalous  absorption  effects  which  they  produce  (Graham  and  Fejer,  1976,  Vaskov  and 
Gurevich  1976,  Robinson  1965). 

Consider  an  electromagnetic  pump  wave  of  field  E0  (a,  o)  angular  frequency  a  and  aero  wave  number  Ge.  large 
wavelength).  This  scatters  from  an  initially  low  amplitude  small  scale  plasma  irregularity  of  density  n  (o,  k) 
with  zero  frequency  and  wave  vector  k  (perp  to  the  geomagnetic  field).  The  first  order  scattered  wave  is 
electrostatic  and  has  an  electric  field  E,  <u>,  k)  This  wave  can  scatter  from  the  density  Irregularity  which 
ndusqmnUy  produces  a  second  order  electrostatic  wav*  with  an  electric  Held  Ej  (os,  %)•  Scattering  into  higher 
modes  may  also  occur.  Interference  between  the  electric  fields  of  waves  with  wave  numbers  differing  by  k 
produces  heating  which  enhances  ine  irregularities  n  (o,  i).  The  increasing  size  of  n(o  k)  will  lead  to  a  decrease 
in  E,  due  to  anomalous  absorption  and  an  equilibrium  value  will  be  reached  where  the  values  of  Eg  and  n(o,  k) 
stabilise.  The  spatial  and  temporal  development  of  n(o,  k.  t)  can  be  derived  from  he  perturbation  electron  and 
heat  balance  equation  in  which  an  adiabatic  approximation  has  been  tot.'  -  J*  yields  an  expression  of  the 
font. 
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When  0,,  and  Dj  are  the  diffusion  coefficients  parallel  and  perpendicular  to  the  magnetic  field,  T(  and  Tt  are  the 
electric  and  ion  temperatures  respectively.  The  right  hand  side  term  of  the  equation  represents  difference 
heating  due  to  the  pump  and  scattered  waves  at  the  upper  hybrid  resonance  level  Z,jH.  The  co-ordinate  z  is 
measured  In  the  direction  of  the  geomagnetic  field.  Q  (o  Ji  t)  la  the  heating  rate  which  can  be  written  in  a 
simplified  form  as 


Q(o,k,t)  -  aP(t) 
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where  Pit)  is  the  pump  power  as  a  function  of  time  t  P,  is  the  pump  threshold  power  for  fi.  .t  order  scattering 
alone.  P2  is  the  threshold  for  second  order  effects  only  and  T  is  the  coeffident  of  anomalous  absorption  which 
can  be  written  as  Cones  et  al  i960. 

nt)  -  bn*  <o,k,0 

Examples  of  anomalous  absorption  of  three  HF  diagnostic  waves  of  different  frequenries  propagating  through 
the  heated  volume  are  reproduced  In  Figure  6.  The  greatest  anomalous  absorption  is  observed  on  the  frequency 
dosest  to  the  hester  (pump)  frequency.  Note  the  marked  change  In  fading  rate  produced  during  heating  which  is 
the  subject  of  another  presentation  at  this  conference. 

Anomalous  absorption  effects  can  also  be  detected  on  the  reflected  neater  signal  itself  (see  Figure  7.)  As  the 
heater  power  increases,  so,  initially,  does  the  reflected  signal  power  At  about  1/4  full  power,  the  received  signal 
amplitude  remains  constant,  even  though  the  transmitted  power  is  increased.  A  further  increase  in  transmitted 
power,  beyond  about  1  /2  full  power,  leads  to  a  decrease  in  the  reflected  signal  strength.  As  the  power  is  decreased 
from  full  power,  no  change  in  the  reflected  signal  strength  occurs  until  the  transmitted  power  is  reduced  to  about 
1/4  full  power  Hus  is  the  threshold  for  sustaining  the  irregularities  and,  since  the  transmitted  power  is  less 
than  this  value,  the  irregularity  generation  process  ceases.  There  is  a  rapid  but  linear  decline  in  received  signal 
strength  as  the  transmitted  power  is  further  decreased  to  zero  Tlds  so-called  Hysteresis  effect  can  thus  be 
explained  in  terms  of  the  T05T1  as  outline  by  the  theory  presented  above  (Stubbe  et  al,  1982). 


Large-scale  Irregularities 

The  input  of  energy  to  the  ionosphere  via  the  anomalous  absorption  process  quickly  leads  to  a  major  increase  in 
electron  temperature  These  temperature  enhancements  have  been  measured  by  incoherent  scatter  radar  during 
heating  at  Tromso  and  at  Area  bo  (Mantas  et  al  1981,  Jones  et  al,  19361  Typical  results  for  Tromse  are  reproduced 
in  Figure  8  The  figure  indicates  that  the  largest  enhancement  occurs  at  heights  closest  to  the  pump  reflection 
height  and  that  enhancements  in  T(  of  500  K  (corresponding  to  an  increase  of  40%  over  the  ambient  value)  are 
quite  common.  The  temperature  increase  saturates  in  about  1  min  after  heater  turn  on.  The  T,  enhancement 
decays  less  slowly  with  height  above  the  pump  interaction  level  and  more  rapidly  below  this  level  This 
response  can  be  explained  In  terms  of  thermal  diffusion  along  the  field  line  and  the  more  rapid  cooling  which 
occur*  in  the  lower  ionosphere  due  to  the  increased  collision  frequency  (Gurevich  1978,  Shoucri  et  al  1984). 

Changes  are  also  observed  in  the  electron  density  but  these  are  much  smaller  than  the  temperature  changes, 
amounting  to  about  only  10  -  20%  of  the  ambient  value,  (Figure  9).  The  maximum  enhaniement  occurs  at  the 
level  of  the  maximum  enhancement  in  Tf  and  dies  away  rapidly  above  and  below  this  level.  There  are  major 
differences  in  the  electron  density  and  temperature  responses  The  values  of  ANe/Ne  at  1  min  after  heater  turn 
on  are  lower  than  those  3  min  after  heater  turn  on  in  the  height  range  150  to  225  km.  This  indicates  that  the 
time  constants  for  changes  are  greater  than  those  for  Tt  changes.  There  is  also  evidence  for  a  depletion  in  Nf 
near  the  altitude  of  the  peak  in  ATe/Te.  This  depletion  in  electron  density  is  consistent  with  the  generation  of  a 
thermal  caviton  by  the  Trorr.se  heater.  However,  the  limited  height  resolution  of  the  incoherent  scatter  radar 
(4km  for  makes  this  conclusion  difficult  to  verify  experimentally. 


The  large  scale  changes  in  the  ionospheric  electron  density  induced  by  heatir.5  will  change  the  refractive  index  of 
the  ionosphere  and,  hence,  effect  the  propagation  characteristics  of  radiowaves  traversing  the  region,  it  has  been 
established  that  it  is  possible  to  create  focussing  for  defocussing  lenses  in  the  ionosphere  depending  on  what 
height  the  maximum  interaction  of  the  pump  wave  with  the  plasma  occurs  (Bernhardt  and  Duncan,  1982.) 

Stimulated  emissions 

When  the  spectrum  of  the  heater  wave  reflected  from  the  ionosphere  is  measured,  it  is  found  to  contain 
additional  frequency  components  which  are  generated  during  the  heating  process  (Thidf  et  al  1982,  Stubbe  et  al 
1984).  The  spectrum  of  these  stimulated  emissions  exhibits  considerable  structure  but  is  limited  to  about  £ 
100kHz  of  the  primary  wave  frequency.  An  example  of  such  a  spectrum  is  reproduced  In  Figure  10.  The  most 
prominent  peak  Is  that  down  shifted  from  the  parent  line  by  about  10kHz.  However,  other  peaks  are  present 
both  up  and  down  shifted  in  frequency.  These  new  emissions  have  been  explained  as  follows.  Initially,  the 
electromagnetic  pump  wave  creates  large  amplitude  electrostatic  waves  through  the  PDI  process.  Further,  wave- 
wave  interactions  can  then  occur  which  involves  these  daughter  components.  These  Interactions  give  rise  to 
new  electromagnetic  waves  which  differ  in  frequency  from  the  original  pump  frequency.  Individual  peaks  in 
the  spectrum  correspond  to  specific  scatter  processes. 

Summary 

Heating  of  the  ionosphere  by  a  high  pouter  radio  wave  can  generate  a  wealth  of  plasma  procest.es  a  few  of  which 
have  been  reviewed  in  this  paper.  Recent  advances  in  theoretical  understanding  and  in  experimental 
techniques  have  kid  to  important  new  discoveries,  for  example,  the  thermal  caviton.  I'  seems  that,  with  the 
development  of  more  powerful  heating  facilities,  even  more  interesting  and,  as  yet  unexy  -ted,  phenomena  will 
be  discovered. 
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Figure  1.  Schematic  diagram  of  the  various  types  of  processes  associated  with  ionospheric  heating. 
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Hgurc  2.  Schematic  representation  of  the  temporal  development  of  the 
various  stages  observed  during  a  typical  besting  experiment. 
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At  Trass#  tha  haatar  ia  located  in  a  ataap  vallay,  thus  tha  direct  ground  wave  at  tha 
•ita  som  SO  ka  south  of  tha  haatar  is  greatly  attenuated.  Our  aeaaureaents  indicate 
that  tha  ground  wava  ia  vary  seal  1  compared  to  tha  aky  wave  signal. 
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SUKtART 

As  the  alactrlo  field  and  poser  density  of  radio  frequency  (HP)  radiation  Increases 
continuously  In  a  plssaa,  the  response  of  the  plasms  to  the  incident  energy  changes 
discontinuous ly.  This  follows  froa  a-  complex  of  competing  physical  processes,  each 
generally  with  Its  own  power  dependent  threshold,  and  plasma  instabilities  each  with  its 
own  growth  and  decay  rate.  Hon-llnear  power  dependencies,  boundary  condition  dependencies 
on  past  histories  of  the  plssaa  conditions,  dependence  on  proximity  to  plasma  resonances, 
and  non  linear  alxlng  In  the  plasma  to  up  or  down  convert  with  respect  to  resonances,  all 
oonsplre  to  aake  experimental  guidance  Invaluable  to  theoretical  development.  Experiment 
has  demonstrated  that  with  lncresslng  HP  power  one  passes  threshold  of  detectability 
sequentially  froa:  passive  transmission,  to  cross-modulation,  to  thermal  bulk  heating, 
to  parametric  and  other  Instabilities  with  plasma  structuring  and  stimulated 
electromagnetic  radiation,  to  electron  acceleration  and  alrglow,  to  reported  atlmulsted 
Ionization.  Theoretical  understanding  of  these  effects  follows  from  merger  of  radio 
physics.  Ionospheric  physios  and  aeronosy,  plasma  physics,  and  atomic  and  molecular 
pbyalcs.  The  RP  propagation  and  emlsalon  environment  Is  affected  through  the  VLP  tc  GHz 
range  by  lenslng,  acatterlng,  modulation,  and  atlmulsted  emlsalon.  The  optical  background 
and  emlaslon  character  Is  affected  over  a  very  wide  spectrum  by  eleotron  Impact  and 
temperature  enhancement  altering  translational,  rotational  and  vibrational  temperatures 
(as  well  as  raising  fine  structure  population  distribution  questions).  An  adequate 
understanding  of  the  processes.  If  not  a  predictive  capability  of  the  consequences  of 
sending  very  high  power  density  RF  Into  the  Ionosphere,  represents  common  ground  for  many 
scientific  discipline,  agency, national,  civilian,  and  defense  goals  and  missions.  This 
presentation  addresses  a  set  of  geophysical  effects  over  this  range,  and  Invites  audlenoe 
participation  in  anticipation  of  what  effects  lie  beyond  the  next  threshold  (of 
Ionospheric  response  to  higher  power  HP  Illumination).  The  exciting  upgrade  of  tho  Heater 
at  Tromao  and  emerging  new  HF  modifier  plans  lr.  the  U.S.  are  partial  motivation  for  euch 
conjecture.  , 


1.  INTRODUCTION 

As  we  contemplate  the  next  generation  or  vary  high  power  HF  Ionospheric  modification 
experiments  (G  watt  class  ERP  heating  experiments)  It  Is  appropriate  to  review  where  we've 
been  and  reflect  on  where  we're  head>d.  Kf  energy  deposited  In  the  Ionosphere  has 
perturbed  the  plasma  temperature,  oomp jr ltlon,  and  concentration,  haa  generated  optical 
and  rf  emlaalons,  has  modified  the  rf  propagation  character,  has  diagnosed  a  number  of 
aeronomlc  and  plasma  physics  processes,  and  has  triggered  a  host  of  Instability  processes. 
Figure  1  Identifies  many  of  the  effects  we  will  now  discuss  In  further  detail. 


8.  THERMAL  ELECTRON  POPULATION 

2.1  Steady  State  Temperature  Enhancements 

The  bulk  electron  gas  temperature  Is  enhanced  by  many  tens  of  percent,  or  many 
hundreds  of  degrees  K  in  the  lower  F  region. 

In  fact,  the  thermal  electron  population  can  be  heated  at  all  altitudes  In  the 
ionosphere.  The  dominant  Immediate  heating  mechanism  Is  devlatlve  absorption.  This  will 
be  strong  wherever  HP  retardation  Is  large  (where  an  lonosonde  virtual  height  Is  very 
different  from  the  true  height).  Each  electron  alternately  acoepts  and  returns  energy 
from  and  to  the  pasalng  rf  electric  field  of  the  HF  wave.  If  the  electron  suffers  a 
collision  with  a  neutral  particle,  this  ordered  notion  becomes  disordered,  l.e.  best, 
the  heating  being  said  due  to  devlatlve  absorption. 

Locally  deposited  heat  Is  very  quickly  distributed  by  strong  thermal  conduction 
along  magnetic  field  lines.  This  *.s  very  effective  at  communicating  locally  deposited 
heat  to  distant  regions,  a  hundred  km  or  more  away  for  P  region  heating,  where  cooling 
nay  be  nor*  effective.  Thus  steady  state  electron  gas  temperature  enhancements  In  the 
F  region  r..’.y  balance  local  heating  against  cooling  over  hundreds  of  km.  In  figure  2, 
the  dashed  and  solid  line  altitude  profiles  of  electron  temperature  Te  and  electron  gas 
heating  Qe  show  very  little  difference  in  Te  for  the  same  total  Qe  spread  over  about  a 
10  km  or  a  50  km  altitude  region.  This  la  because  of  the  dominance  of  heat  conduction 
In  distributing  the  heat  in  altitude. 

2.2  Response  Time 

The  bulk  thermal  plasma  temperature  responds  with  a  typical  time  constant  of  a 
fraction  of  a  minute.  This  Is  illustrated  In  figure  3.  Order  a  minute  is  a 
characteristic  time  for  bulk  plasma  effects  to  set  In,  e.g.  new  electron  and  Ion  gas 


temperatures,  new  plasma  soil*  height,  redistribution  of  new  plasma  prtasurss,  plasma 
diffusion  rstst,  and  motion  towards  a  naw  aqulllbrlua  profile,  and  new  t separator* 
dependent  reastlon  rates  and  obaaloal  oocpoaltlon. 

the  obaarred  tlae  oonatanta  for  eleotron  gas  ooollng  agraa  eltb  available  ttaory 
within  tbe  observational  error  bars.  It  la  laportant  to  note  that  this  statistical  error 
bar  la  set  not  by  tha  aeaaureaent  dlagnoatlo  (e.|.  order  XOK  for  several  alnutea 
Integration  at  tha  Araelbo  1SS),  but  by  tbe  fluctuation  between  tbe  taaparature  in  one 
parcel  of  plasas  relative  to  tbe  tenperature  In  an  adjacent  parcel  of  plaaaa,  as  apaslal 
taaparature  fluctuations  in  the  heated  plaaaa  drift  through  the  diagnostic  ISR  field  of 
view  (bare  one-sixth  of  a  degree  angular  field  of  view,  or  roughly  a  k>  dlaaeter). 

The  electron  gas  ooola  looally  by  oolllslona  with  Iona  In  the  T  region,  and  by 
thermal  oonduotlon  downward  in  altitude  to  where  aleotrona  collide  with  neutral  particles 
below.  (Tbe  heated  ions  In  the  T  region  pass  their  beat  on  to  neutral  partloles  locally.) 
The  doalrranr  p  region  eleotron  gas  cooling  rata,  oolllalona  with  Iona,  la  proportional 
to  tha  number  of  electrons  tlaos  tbe  nuaber  of  Iona  with  which  they  collide.  Thus,  toe 
electron  gas  cooling  rate  la  proportional  to  tha  square  of  the  eleotron  density,  ne2,  and 
thus  the  fourth  power  of  tbe  plasma  frequanoy.  for  typloal  hasting  watched  to  near  the 
Ionospheric  orltloal  frequency  foP2,  one  aust  than  expect  draaatloally  greater  heating 
response  at  tha  low  end  of  the  heating  range  In  vlaw  of  an  foP2*  dependence  of  cooling 
rata. 


J.  SOPRATHERNAL  ELECTRO*  POPULATION 

3.1  Supratberaal  Electron  Plux  Energy  and  Special  Distribution 

Tbs  high  energy  tall  of  the  electron  gas  population  la  also  enhanced.  This  baa  bean 
■oat  readily  Inferred  frea  alrglow  enhancements  synchronised  with  HP  transalttsr  on-off 
oyolaa.  In  figure  A,  tha  separation  between  tba  envelope  of  tha  alternately  higher  and 
lower  6300A  intensities,  roughly  20  Rayleighs,  la  due  to  electron  lepsot  excitation  of 
atoalo  oxygen  by  elactrona  of  groater  than  1.96aV.  Proa  thla  aoaaureoent  alona  wa  have 
no  Information  on  tha  energy  distribution  of  tbe  eleotron  flux  above  2eV,  and  only  a  crude 
■assure  of  the  total  psrtlole  or  energy  flux  (because  of  ooepetlng  collision 
oroea-aeotlons  for  eleotron  lapaat  ee  well  at  subsequent  O('D)  quenching  by  eolecular 
nitrogen).  The  flux  la  of  tha  sane  order  aa  that  whloh  reaches  a  locally  dark  Ionosphere 
from  a  sunlit  conjugate  aldlatltude  Ionosphere. 

gnhancaaente  of  other  optlotl  ealaalona,  whose  exaltation  oroaa  sections  have  higher 
energy  thresholds,  are  also  seen.  These  In  prlnolple  provide  a  oruda  alaetron  energy 
apeotroaeter,  and  a  aora  unambiguous  lower  bound  on  tha  energy  above  whloh  alactrons  are 
aoeelerated  by  HP  exalted  processes.  63G0A  ealaalona  oan  be  enhanced  by  Maxwellian 
electrons  above  2eV  for  eleotron  temperatures  exceeding  roughly  2800oE,  or  by  non 
Maxwellian  elactrona  above  2eV.  5577A  ealaalona,  with  a  AaV  threshold,  and  other  higher 
energy  threshold  ealaalona,  oannot  ha  thermal ly  exoltad. 

Tbe  aost  direct  published  aeaaureaent  of  tbe  energy  apeotrua  lias  bean  by  tbe  plaaaa 
line  component  of  the  Incoherent  aoattar  radar  technique.  This  hai  established  that  tha 
•paotrua  of  suprathermal  aleotrona  reaohea  beyond  ITeV  before  significantly  falling  orr 
(Carlton  at  al,  1982).  There  la  not  yat  at  this  tlae  an  aoospted  theory  to  explain  thla 
high  energy  reach. 

Tha  apaolal  distribution  of  tba  alrglow  enhanoaaenta  la  roughly  tha  alia  and  shape 
of  tha  HP  half  power  beta  width,  end  roughly  oolloceted  with  It,  aa  seen  In  figure  5 
(Bernhardt  at  al,  1988).  lonoapharla  tilts,  self-made  Indentations  nnd  drifts,  traveling 
lonoepberlo  disturbances,  and  gravity  waves  will  displace  tba  location  of  maxlaua  alrglow 
mnhanaeasnt . 

3.2  Response  Tlae 

Tbe  6300A  enhancement  response  time,  roughly  a  large  fraction  ef  a  minute  in  figure 
A,  la  determined  by  tha  response  tlae  of  the  6300  emission  process,  not  the  tlae  for  the 
sapra  thermal  electron  flux  to  turn  on.  5577A  emissions  show  response  times  of  a  large 
fraction  of  a  second,  also  determined  by  tha  response  time  of  tha  optical  amission 
proewse,  not  tha  eleotron  flux  turn  on.  Tha  aupratheraal  electron  flux  turns  on  over 
plaaaa  Instability  tlae  scales  (measured  In  aa,  not  a). 


*.  PARAMETRIC  INSTABILITIES 
A.l  Spectral  Identification 

Aaong  tha  plasau  Instabilities  exoltad  In  the  Ionosphere  by  the  HP  trtnaaltter  are 
severe  1  et  and  near  tha  height  of  HP  reflection.  Identifiable  in  figure  6  by  tbelr 
spectral  signature  on  tbe  incoherent  eoatter  radar  plasma  llrih  echo . 

Tbe  epectral  peak  it  tha  HP  frequency  displacement  Is  due  to  tbu  two  stream 
Instability.  Tha  strongest  spectral  peak  in  this  casa,  at  tha  ion  acouatlo  wave  doppler 
displacement  +wl,  la  due  to  tha  decay  mode  Instability.  Plaaaa  waves  In  tbls  case  are 
enhanced  about  1011  above  tbalr  thermal  amplitude.  Tha  line  at  -wl  la  tha  decay  mode 
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lug*  lln*.  Th*  series  of  relative  maxima  at  3,  9,  7  and  9  *1  ar*  harmonies  of  the  decay 
mod*  lln*.  That  energy  should  cascade  down  (by  successive  pimping  of  each  resonance  by 
the  on*  before)  to  the  odd  But  not  the  even  harmonics  la  consistent  with  theory,  but  th* 
absolute  frequency  at  which  they  are  seen  contradicts  standard  theory.  These  harmonics 
ar*  In  turn  all  superposed  on  y*t  another  broad  spectral  signature  of  Instability 
process**  In  the  plasma. 

This  spectra  from  1971  represents  an  average  In  apace  over  many  km  In  the 
Ionosphere,  and  thus  compacts  down  Into  a  single  spectra  many  Instabilities  that  oan  be 
occurring  at  different  altitudes.  These  ar*  all  observed  spatially  near  the  center  of 

the  HF  main  beam. 

Th*  seal*  else  or  the  plasam  waves  sensed  by  the  Incoherent  scatter  radar  diagnostic 
ere  those  matched  (0.33m)  to  Its  diagnostic  radar  wavelength. 

9.2  Response  Time 

The  rise  time  of  the  main  spectral  power  components  Just  discussed  is  shown  In 
figure  7.  The  figure  shows  the  plasma  line  spectra.  Identifying  the  deoay  mode,  harmonics 
of  the  decay  mode,  and  the  broad  spectral  feature,  on  both  a  linear  and  logarithmic  power 
scale,  vs  time  after  HF  turn-on.  These  parametric  Instabilities  turn  on  in  a  matter  of 


S.  PLASMA  IRREGULARITIES  (km  scale.  Spread  P,  Scintillation) 

5.1  Spaclal  Presence 

An  HP  Imaging  array  sky  map  for  the  natural  Ionosphere  Is  seen  In  the  upper  left 
hand  section  of  figure  8.  If  the  Ionosphere  were  horizontally  stratified  and  motionless 
the  echo  image  would  be  centered  In  th*  sky  map,  and  show  zero  doppler  shift.  The  slight 
spaclal  and  doppler  displacement  of  the  HP  diagnostic  echo  Is  due  to  a  slight  overhead 
tilt  and  motion  associated  with  a  passing  gravity  wave. 

The  five  successive  frames  shew  HP  diagnostic  echoes  at  successively  greater  times 
after  turn  on  of  a  high  power  HF  modifier  with  a  half  power  beam  width  of  order  10  degree? 
(roughly  SO  km  diameter  In  the  P  region).  The  HF  diagnostic  sky  maps  sense  structures 
produced  In  the  ionosphere  by  high  power  HP  Induced  Instability  processes.  In  this  case, 
the  seal*  size  of  the  "Spread  P"  structures  produced  are  order  a  ka  across  a  magnetic 
field  line  B  and  many  times  greater  along  B. 

5.2  Response  Time 

Th*  km  scale  structures  In  figure  7  have  onset  times  of  a  fraction  of  a  minute,  tne 
•am*  tla*  scale  over  which  bulk  plasma  processes  occur.  The  total  number  or  field  aligned 
irregularities  seen  continues  to  Increase  for  several  more  minutes  after  HF  turn  on. 


6.  I RSIGHTS  FROM  IK  SITU  MEASUREMENTS 
6.1  Satellite  Measurements 

There  are  some  logistical  challenges  to  having  a  satellite  "thread  the  needle"  of 
th*  heater  beam.  For  a  lOo  beam  (moderate  antenna  gain)  the  "target*  in  the  sky  Is 
roughly  to  km.  Successive  crossings  of  a  latitude  well  below  the  satellite  Inclination, 
for  a  typical  90  minute  period  satellite,  are  22.50  of  longitude  apart  or  a  couple  of 
thousand  km  apart,  offering  half  a  dozen  chances  per  year  to  penetrate  the  heater  beam. 
Variable  satellite  drag  can  greatly  complicate  scheduling  a  pass.  The  number  of 
opportunities  can  be  greatly  enhanced  by  having  the  satellite  Inclination  a  couple  of 
degrees  of  latitude  above  that  of  the  heater.  If  one  wishes  to  penetrate  the  heater  beam 
near  the  height  of  reflection,  one  must  anticipate  what  Ionospheric  plasma  frequency  will 
be  at  the  satellite  height  at  the  overflight  time.  Day  to  day  ionospheric  variability 
requires  real  time  tracking  ar.d  extrapolation  In  time  based  on  knowledge  of  local 
Ionospheric  morphology  (a  comprehensive  data  base  of  e.g.  lonosonde  data  for  the  season 
Is  valuable). 

In  1976  Carlson  and  LaHoz  obtained  3  Atmosphere  Explorer-E  fly-throughs  of  the 
Areclbo  HF  heater  beam  near  the  height  of  reflection  during  a  two  week  period,  by 
applications  of  the  above  considerations.  Plgure  8  shows  the  electron  density  measured 
during  one  such  pass. 

This  shows  some  properties  of  the  heater  generated  irregularities  uniquely  well 
studied  by  a  satellite  In  situ  pass.  The  background  Ionosphere  was  smooth  to  a  small 
fraction  of  a  percent.  The  satellite  entering  the  heater  beam  from  the  left,  encounters 
a  sharp  onset  of  strongly  enhanced  Irregularity  structure  -  many  percent  fluctuation  In 
electron  density.  The  sharp  onset  means  a  sharp  HF  power  threshold  Tor  the  Instability. 
The  satellite  passing  out  to  the  right  (east)  samples  the  Irregularities  drifting 
downstream  from  the  heater,  decaying  In  amplitude  with  time  and  downstream  distance,  and 
losing  the  finer  scale  before  the  larger  scale.  While  the  Incoherent  scatter  radar  beam 
of  the  1000  foot  diameter  Areclbo  disk  Is  only  a  ka  In  diameter  at  the  region  sampled. 
Indicated  by  the  circle  labeled  930  MHz  radar  beam  In  figure  9,  this  Is  too  coarse  to 
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reeolva  the  scale  alxa  of  the  Irregularities,  which  arc  very  Mil  resolved  by  the  In  altu 
At-B  diagnostic,  a*  about  half  a  ka.  (Solntlllstlor.  data  for  othar  events  baa  given  tha 
llM  aoala  alxa  Information:  Baau  at  al,  1983.  1987.)  These  data  of  figure  9  have  boan 
lntarpratad  (Parley  at  al,  1983)  In  taraa  of  tba  tbaraal  aalf  fooualng  Instability. 

6.2  Haro  Rockat  Naaauraaanta 

Penetrating  tha  haatad  volume  with  a  rookat  raqulraa  that  tha  rockat  trajectory 
dispersion  envelope  ba  laaa  than  or  ooaparabla  to  tha  alxa  of  tha  baatar  baaa  (ordar  tana 
of  ka  disaster  target  at  hundrada  of  ka  range) . 

T-  jra  10a  shows  data  successfully  obtalnad  by  Roaa  at  al  1985  at  tba  Rax  Planck 
Haatar  at  Troaso,  with  a  HERO  rookat  flight  out  of  Andoya.  Thla  affords  a  unique  aat  of 
data  in  taraa  of  both  aoaa  Individual  aaaaurad  paraaatara  (aupra  tbaraal  alactrona 
dlraotly  aaaaurad,  VLP  aeaaureoenta,  alactrle  flald  aaaaureaanta)  aa  aall  aa  tha 
oocprehe-  iva  conposlts  colnoldant  data  aat.  Tha  flndlnga  ara  auaaarlxad  by  Boaa  at  al 
1965  and  tha  rafarancaa  tharaln  (trajaotory  Illustrated  in  flgura  10b). 

Cbaaloal  ralaaaaa  froa  rookata,  aucb  aa  will  ba  dona  by  tba  NASA  CURES  axparlaanta 
at  Araolbo  In  1991,  alao  afford  tba  opportunity  to  axplora  tba  lntaractlon  of  HP  anargy 
with  otbar  than  tha  natural  aartb  lonoaphara. 


T.  CORPCTINC  INSTABILITY  PROCESSES 

Wblla  aatallltaa  and  rookata  provlda  anapahota  of  a  aat  of  (usually  In  altu  va 
raootaly  aanaad)  haatar  ralatad  paraaatara,  lnoobarant  aoatter  radar  (ISR)  diagnostics 
aan  provlda  tlaa  continuous  prof  lias  of  a  aat  of  pinasters.  Tbaaa  ISR  paraaatara  tncluda 
alactron  and  Ion  tacpcraturas,  danaltlaa,  coapoaltlon,  drift  valoolty,  ourranta,  aieotrlo 
flalda,  plaaoa  fluctuation  lavala,  selected  plaaaa  wavs  aoplitudss,  aupra  tbarsal  alactron 
fluxaa.  Instability  apactral  algnaturaa,  nautral  partlolo  taaparaturas  and  danaltlaa  at 
aalaotad  altitudes,  and  otbar  plaaaa  and  aaronoalo  taros. 

Pigure  6  Illustrated  a  nusbar  of  plaaaa  Instabilities  aanaad  by  tba  ISR.  However 
thla  data  froa  1971  oonpsots  all  these  processes  Into  a  single  altitude  and  tlaa  bln. 

Tba  Incoherent  scatter  radar  diagnostic  echo  offers  enorooua  potential  to  diagnose 
BP  oodlfler  or  heater  ralatad  effaota.  However.  Boat  of  thla  potential  Information  la 
usually  thrown  away  (because  of  receiver  and  data  processing  llaltatlona) .  Although  tha 
ISR  has  been  used  for  20  years  to  atudy  HP  Induced  affeota,  only  Boat  recently  baa  Its 
full  diagnostic  potential  bean  approached. 

Pigure  11  shows  data  recently  oollactad  at  Araolbo  (which  has  tba  worlds  aost 
poMrful  ISR  diagnostic  capability,  va-a-vla  collecting  aperture  and  radar  sensitivity, 
but  only  a  relatively  aodost  HP  Modification  facility).  This  data  with  batter  than  100a 
range  resolution,  va  tha  koa  of  flgura  6,  alao  baa  far  better  tlaa  resolution  (os  va  about 
a  Minute). 

This  flgura  11  unvalla  tha  character  of  tha  response  and  illustrates  a  key  aspect 
of  lonospherlo  modification.  Thera  ara  aany  coopering  Instability  procssses,  each  with 
a  tlaa  aoala  over  which  It  eats  In,  and  each  with  a  laval  of  influence  at  least  In  part 
alao  dapandsnt  on  background  snvlronaent  paraaatara  and  history. 

Ha  aaa  in  this  flgura  11a  tba  signature  of  an  Initial  axploslva  growth  of  tba 
Instability  leading  to  tha  observed  downshifted  (receding  longitudinal  electrostatic  waves 
In  the  electrcn  gas)  plasma  11ns.  Then,  after  a  fraction  of  a  second,  a  sacond  process 
takas  over,  quenching  the  initial  growth  phase  of  the  first.  After  about  (0  seconds, 
during  which  the  plssaa  wave  amplitude  distribution  exhibits  significant  variations  In 
oagnltude  but  a  persistent  character  confined  to  within  a  ka  below  the  height  of  HP 
reflection,  the  plssaa  exhlblta  the  onset  of  an  entirely  new  sbsrscter.  The  character 
la  tbat  of  spread  p,  or  scintillation,  or  tbaraal  self  focusing  conditions.  Tha  onset 
tlaa  for  tbla  Instability  la  a  larga  fraction  of  a  alnuta,  appropriately  tba  tlaa  scale 
aaaooiatad  with  bulk  plssaa  chsngss  and  redistributions. 

Figure  lib  la  «n  expanded  tlaa  plot  of  tba  isaa  data  as  in  figure  lit,  except  now 
abown  not  over  tha  first  alnuta  after  HP  turn  on.  but  detailing  in  as  tbs  svolutlon  ovsr 
tba  first  250  os  after  turn  on.  The  apsoltl  periodicity  with  a  frsotlon  of  a  ka  spacing 
at  tba  onset  of  tha  paraaatrlo  pisses  lnstabllitlss  and  again  at  tbs  onset  of  tba  Spread 
P  instabilities,  the  tsaporxl  oohsrsnos  over  scales  of  as  and  a  fsw  hundred  a,  end  aeny 
other  critical  properties  are  only  now  becoalng  available.  D J u * h  and  Sulxer  1990  discuss 
soae  of  the  lapllcttlona  cf  this  new  advance  in  extracting  the  lnforoetlon  available  froa 
ISR  ao boss .  end  implications  for  eoapetlng  plesat  processes. 


t.  H.P.  POWER  DEPENDENCIES 

Pigure  12  shows  two  slaultsneously  aaaaurad  HP  power  dependencies  it  Araolbo. 
Pigure  12  sbows  the  HP  power  dependence  of  the  normal  lied  cross  section  for  50  KHt  VHP 
radar  echoes  of  3  ■  aosls  osgnetio  field  aligned  Irregularities  produced  by  the  Areelbo 
better  (50  KHx  echoes  are  observed  orthogonal  to  tbs  aegnatlo  flild).  Tba  poMr 
dependence  la  linear  ovar  tbs  range  of  HP  ponr  densities  available  at  Araolbo.  No 


Mturatlon  Is  assn.  A  tbraahold  la  varj-  aaall  or  abaant;  that  la,  tha  lntaroapt  la  nuarly 
tha  origin  of  tha  craph  ao  a  flnlta  oroaa  sastlon  la  found  for  avon  vary  snail  HP  pouar. 

Pleura  12  shows  alaultanaoualy  gatharad  data,  but  of  a  paraaatar  which  aaturataa 
while  tha  VHP  Croat  section  continues  to  (row  linearly  with  HP  power.  This  paraneter  la 
tha  noraallsad  plaeaa  line  power,  that  la  the  3$  ca  acala  longitudinal  electrostatic 
plasaa  wave  aaplltude,  often  Just  called  Langaulr  turbulence.  It  toe  starts  near  the 
origin  of  tha  graph,  also  with  an  Initially  linear  growth,  but  saturates  soaewbat  below 
100  MW  UP  (effective  radiated  power). 

Plgtire  13  shows  data  froa  another  tlaa,  and  of  tha  6  3  00A  Minion  Intensity  In 
Rayleighs  va  noraallsad  HP  power  density.  Slaultaneous  ISR  aeasureaents  of  electro;, 
taaperacure  verified  that  these  alrglow  enhanoeaents  were  not  due  to  theraal  electron 
lapaat  excitation,  but  to  a  high  energy  non-Maxwell lan  supratheraal  flux  of  electrons 
(erder  106  electrons  oa-2a-leV-l,  or  coeparable  to  a  predawn  photoelactron  flux  froo  a 
sunlit  conjugate  healaphere).  The  HP  power  dependence  over  the  Halted  range  available 
Is  aost  alaply  fit  by  tsaunlng  a  linear  growth.  If  one  extrapolates  a  linear  fit  to  the 
data  points.  It  Intercepts  the  HP  power  axis  soaewhat  below  100  kW  ERP.  That  Is,  It  would 
suggest  a  threshold  somewhat  below  100  kW  ERF. 


9.  CONCLUDING  REMARKS 

9.1  General  Considerations 

Oeophyslos  la  Intrinsic  to  Ionospheric  HP  aodlflcatlon  technology  beaause:  eltner 
controlled  changes  In  selected  geophysical  parameters  la  the  objective  of  the  HP 
technology;  or  geophysical  constraints  on  the  HP  effects  must  be  understood  In  order  to 
explain,  predict,  or  control  any  other  HP  effects. 

Coupled  experiment  and  plasaa  theory  Is  essential  to:  Identification  of  consequences 
of  high  power  HP  Irradiation  or  the  upper  atmosphere  and  Ionosphere;  and  useful 
realisation  of  the  potential  of  such  consequences. 

Also,  pivotal  to  research  strategy  In  this  area,  as  the  HP  power  delivered  to  the 
Ionosphere  Is  Increased  continuously,  the  dissipative  process  dominating  the  response  or 
the  geophysical  environment  changes  dlscontlnuously.  With  Increasing  HP  power,  the  first 
limiting  process  In  the  Ionosphere  dissipates  more  energy  until  It  saturates.  The 
Ionospheric  response  then  goes  into  "runaway*  up  to  a  new  (tne  next)  limiting  process. 
The  cycle  repeats:  after  each  saturation,  the  next  major  process  (or  class  of  processes) 
la  discovered. 

One  cannot  rely  on  theory  to  be  able  to  predict  these  discontinuous  leaps.  Only 
experiment  can  tell  us  at  what  power  the  next  "runaway"  to  new  limiting  processes  will 
occur,  and  which  property  of  the  geophysical  environment  Is  changed,  and  how.  At  the  same 
time  one  cannot  expect  experiment  alone  to  guide  us  to  realization  of  potential  uses  of 
high  power  HP  modification  without  working  within  a  tested  theoretical  framework.  There 
are  too  many  competing  processes,  and  too  many  parameter  dependencies,  to  allow  reliance 
on  empirical  answers  rather  than  a  validated  model  framework* 

There  are  a  vast  array  of  competing  instability  processes.  If  we  wish  to  favor  one 
over  the  other,  we  must  identify  the  competing  processes  and  their  parameter  dependencies. 
We  will  not  develop  the  necessary  theoretical  framework  without  comprehensive  diagnostics 
to  develop,  test,  and  validate  the  theoretical  framework.  To  do  this  effectively,  the 
capital  costs  and  level  of  effort  on  the  diagnostics  must  be  matched  for  comparability 
to  those  of  the  HP  modifier.  A  serious  imbalance  on  either  side  becomes  the  limiting 
factor  on  both. 

9.2  Hierarchy  of  Heater  Thresholds 

As  the  HP  power  delivered  to  the  ionosphere  is  continuously  increased,  the 
dissipative  process  dominating  the  response  of  the  geophysical  environment  changes 
dlscontlnuously  (Pigure  It).  At  very  modest  HP  powers,  two  Rp  waves  propagating  through 
a  common  volume  of  ionosphere  will  experience  cross-modulation,  a  superposition  of  the 
amplitude  modulation  of  one  RP  wave  upon  another. 

I'  HP  effective  radiated  powers  available  In  the  Vest,  measurable  bulk  electron  and 
Ion  gas  beating  la  achieved,  electromagnetic  radiation  (at  frequencies  other  than 
transmitted)  is  stimulated,  and  various  parametric  instabilities  are  excited  in  the 
plasma,  including  those  which  striate  or  structure  the  ionospheric  plasma  so  that  It 
scatters  RP  energy  of  a  wide  range  of  wavelengths. 

There  is  also  evidence  that  at  peak  power  operation  in  the  West,  parametric 
instabilities  begin  to  saturate,  and  at  the  same  time  modest  amounts  of  energy  begin  to 
go  into  electron  acceleration,  resulting  in  modest  levels  of  electron-impact  excited 
airglow.  This  suggests  that  at  the  highest  HP  powers  available  in  the  West,  the 
instabilities  commonly  studied  are  approaching  their  maximum  RP  energy  dissipative 
capability,  beyond  which  the  plasma  processes  will  "runaway*  until  the  next  limiting 
process  is  reached.  The  airglow  enhancements  suggest  that  this  next  process  then  Involves 
wave-particle  interactions  and  electron  acceleration. 


IM 


Tha  Hu  Planok  HP  faolllty  «t  Trooso,  Sonny,  possesses  power  »lgniriosntly  iTMOar 
than  tha  treelbo  and  Boulder  high  powar  hastors.  Tat,  It  haa  never  produced  sny  claar 
airflow  enhanceaants ,  aa  conaonly  produced  by  tha  US  HP  faollitlaa  at  lowar  HP  poaar.  but 
at  laaar  latltudaa.  Tbla  la  attributed  to  tha  partitioning  of  HP  energy  batwaan  different 
eoapetlng  procaaaaa  aa  balng  different  for  tha  different  gaophyaloal  oonditlona  at  thaaa 
dlffarant  latltudaa.  Tha  gueetlon  of  esporloentsl  oontrol  to  aalaou  and  favor  at  will 
ona  prooaaa  oaar  anothar  reaulna  an  opan  question  and  an  Intriguing  tachnloal  ohallanga. 
Tha  answer  aust  11a  In  oontrollad  aaparlaanta,  with  ooaprahanalra  dlagnoatlca,  lntarpratad 
within  a  taatad  thaoratloal  fraaework. 

tha  Sowlata,  oparatlng  at  hlghar  powara  than  th«  West,  now  bava  olaiaad  algnlflotnt 
atlaulated  lonliatlon  by  eleetron-lapact  lonlaatlon  (Mlgulln  and  Gurevich,  1945).  Tha 
alala  baaad  on  lndlraot  HP  propagation  aaparlaanta,  la  th.t  HP  anargy,  ala  waaw-partlela 
lntaraotlon,  aeoalarataa  lonoapharlo  alaotrona  to  anarglaa  wall  in  aaoaaa  of  20  alactron 
aolta  (of)  ao  that  thay  will  lonlaa  nautral  ataoapharlo  partlolaa  with  whloh  tbay  oolllda. 
Olveu  that  tha  Soalat  HP  faollitlaa  ara  aavaral  tlaaa  aora  powarful  than  tha  Western 
faollitlaa  at  ooaparabla  ald-latltudas,  tbla  la  cartalnly  plaualbla, 

la  auoairy ,  tha  ranga  of  HP  powar  awallabla  froa  US  and  Europaan  faollitlaa  haa 
allowed  ua  to  paaa  several  thraaholda.  At  tha  lowaat  HP  powara,  alapla  classical 
oolllalonal  haatlng  (deviatlvs  absorption)  doalnatea.  At  blghar  powar  danaltlat  In  tha 
Ionosphere,  a  boat  of  plaaaa  lnstabll ltlaa  dlaalpata  anargy.  Which  of  thaaa  lnitabllltlaa 
baooaa  tha  governing  dlsalpatlva  prooaaa  for  glwan  geophyaloal  conditions  dataralnaa  whloh 

faophyaloal  aanlfaatatlona  doalnata.  At  our  pravloualy  highest  awallabla  powar  danaltlaa 
about  0.3  OW  DIP) ,  wa  obaarva  anargatlo  alaotrona,  aanlfaatad  aa  optloal  ealsslone, 
lndloatlng  that  an  additional,  poor'.y-undarstood  partlolo  aooalaratlon  prooaaa  la 
dissipating  appraolabla  HP  anargy. 

Wa  do  not  know  what  af foots  ara  produced  at  atill  hlghei  powar  danaltlaa.  Plausible 
speculation  alght  Include:  production  of  anargatlo  alaotrona,  production  of  substantial 
optloal  aalaalon,  production  of  substantial  Ionisation  and  Increased  lonoapharlo 
danaltlaa,  plaaaa  turbulsncs  and  shook  fronts,  and  slaotrlosl  currants.  Hownwsr,  until 
faollltiss  ara  built  to  porfora  blghar  power  density  oxparlaanta,  end  diagnostics  ara 
collocated  to  sons*  tha  affoota,  wa  will  only  bo  able  to  spaoulata. 

Aaknowlsdgaaont:  This  work  was  partially  supported  by  APOSK  2J10G9. 
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IONOSPHERIC  PLASMA  FREQUENCY 

fig.  1.  Iffact*  producad  by  a  ground-basad  trsnaalttar  of  povar  apartura  of  tha 
ordar  of  iO4  In  tha  4-12  HHi  fraquancy  rang  a .  Inargy  da  po*  lead  In  tha 

Looaapharlc  plsama  altar*  both  tha  tharmal  and  non  tha  ms  1  prcpartlaj  of  Ita 
char  gad  partlcla  population.  ControlUd  axparlaanta  hara  application*  to 
aaroooay ,  chaailcal  rata*,  atoalc  croai  tactions,  co— unlcatlona ,  and  a  nuabar  of 
trass  of  plasma  phytic*  (Carlton  and  Duncan,  1077). 
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fig.  1.  Caapartasa  of  aslevlttad  and  abaarvad 
art  If  1*  tally  ntnwil  alactraa  ta^araCara  prafllaa  at 
Mate  aa  Octsbar  10,  1*71.  TSa  prafllaa  aba*  T, 
■blirail  aatng  c*a  ladapaateoc  tact'll**# .  T,  raUalacad 
far  a  tblak  and  tbla  haat  l*r*  rag tan.  and  tha  hasting 
racaa  laadl^  ta  tha  nacchad  T,  eslcalstlan.  (Hants*  at 

at.  mi). 

Vlg.  1.  (a)  Camparlaaa  af  tha  abaarvad  and  tha 

aalaalatad  varUtlana  af  tha  aobanead  alaacran 

T  Tfr~~* - avaragad  la  tha  altltuda  rang#  24*  k 

ft?  bn,  aa  tha  Kf  craaaalttar  la  parladlcally  tumad  an 
mm d  aff  aaary  120a.  tha  paint*  rapraaant  tha 
abaaraatlaaa  aad  tha  anaath  curaa#  tha  pradictad 
aarlatlaa  mt  T.  far  aarlau*  anaunta  af  fin#  teructura 
caallag.  (b)  Caspar  laaci  af  tha  absarvad  aad  tha 
cslcalatad  varUtlaaa  af  tha  anhanead  al  act  ran 
taaaarsrara.  (Carlaaa  and  Kants*  1*12). 
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rig.  5.  4300A  airglov  onhaneoment  due  to  HP  heater  ae 
Areclbe,  a  having  temporal  avelutlon  of  apaclal 
distribution.  (Bernhardt  at  al,  MSB). 


fig.  4.  The  6 300 -A  intensity  enhancement*  produced  by 
ordinary  polarization  waves  on  September  23,  1970  (P 
1.6  Nw  and  f  3.3  MHz).  Tha  crlelcal  fraquancy  f  f 
dacraasad  balov  the  transmitter  fraquancy  at  2132 
hour*  MOT.  (Slplar  and  liondi,  1972). 


Fig.  6.  Plasma  »ava  faacuraa  axe  lead  by  tha  HP 
cranaatctar,  aa  »aan  in  tha  430  MHx  by  tha  HP  fraquancy 
corraaporul*  to  tha  tvO'Streaa  growing  mod*  inatablllty. 
Thla  ia  brackatad  hart  by:  a  faatura  at  a  lovar 
fraquancy  diaplaecaant  attributed  to  a  dacay  mode 
par ana trie  Inatablllty,  and  tha  imago  of  tha  dacay  aode 
lino.  Tha  broad  apaccral  faatura  to  tha  right, 
containing  aoit  of  the  spectral  power,  lad  to  extension 
•f  tha  theory.  It  also  illustrate*  the  pretence  of  an 
unexplained  a  physical  process  sosMtlaas  capable  of 
axe  icing  a  strong  sat  of  odd  v,  ha  monies  directly 
within  tha  frsaa  of  reference  af  tha  radar  line  of 
Sight.  Tha  maxima  received  power  In  tha  spectra  la 
(labeled  peak  snr)  x  (frequency  resolution  in  kHx)  x  (3 
x  10  U  watts  kite*1). 
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Pig.  7.  Ivolution  of  plasma  lino  spoctral  shapes  after 
HP  turn- on  [after  Shove n,  1973).  Rise  time  a  vary  with 
eonditiona  but  ara  of  the  order  of  term  of  msec. 
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rig.  0.  Dyraualc  behavior  of  epr eed-f.  seen  with  P?  frequency  Doppler  ipwtr« 
mi  shy  Hf  pairs  during  an  HF  turn  on  tla*  Interval  With  tho  Hf  off  one  mu 
the  ssysftsl  single  echo  (slightly  shifted  fro*  overhead  end  sero  Doppler  shift 
Vjf  a  passing  gravity  wars.  Within  seconds  of  HF  tOra-on,  additional  echoes 
spy sir,  spread  in  location  and  rurtwlently  sprsad  In  Doppler  shift.  Tho  nuaber 
of  field  aligned  Irregularities  sensed  continues  to  Increase  for  several  olnutes 

(fraa  Alien  at  al.,  1074J. 
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Fig.  0.  The  gan*e try  at  the  reflection  altitude  (2*0  ku)  of  tho  hosting  wave. 
The  ooglelreloe  show  tho  distance  fro*  tho  center  of  tho  heating  baaa,  *iich  Is 
4  ho  north  sf  tho  point  directly  above  Arecibo,  and  tho  relative  Intensity  of  tho 
Waa.  Tho  sotolllto  path  Is  shown  passing  13  ka  north  of  tho  eontor,  with  the 
electron  density  irregularities  asasurad  inaltu  shown  located  appropriately,  and 
the  also  sf  the  4)0-fVti  radar  baaa  shown  approximately  to  scale.  (Farley  et  al, 
1HJ) . 


GUADELOUPE  49  92MH*  2  OCTOBER  1981 
1846-1901  AST 


ARECIBO  424.9  MHz  2  OCTOBER  1981 
1846-1854  AST 


H*.  12.  H7  powar  da  panda  oe  a  of  VHF  coharant  backacattar  powar  (llnaar)  and  OHF 
lncobarant  plasma  lino  (aaturataa)  almultanaoualy  maaaurad  In  cha  aama  wo luma  of 
apaca  ora r  Araclbo.  (Robla  and  DJuth,  1990). 


W|  13.  B t  powar  da  panda  nea  of  tha  4300  A  intaualty  anhaneamanc.  Batwaan  0205 
and  0230  AST  on  13  Octobar  1972,  char*  waa  a  aarlaa  of  2  aln  on,  2  min  off  cyclas 
of  tha  H7  baa tar,  ©panting  In  o-moda ,  during  which  tha  powar  danslty  da lira rad 
ta  tha  looorphara  war  lad  bacauaa  of  changwa  In  HT  powar  lawal  and  ionoapharle 
rafloction  mltltuda.  Tba  right -h-nd  portion  of  tha  flgura  ahowa  tha  4300 
lntanalty  data,  with  ttma  lncraaalng  to  tha  laft.  Tha  iaft-hand  lnaart  ahowa  tha 
similarity  of  tha  eima<warlatlona  of  tha  6300  A  arhancamanta  (top  lina) 
datarmlnod  aftar  tba  Initial  axponantlal  Incraaaa,  and  of  tha  ralatlva  powar 
danalty  at  tha  rafloction  altltuda  (bottom  lino).  Tha  right-hand  lnaart  auggaata 
a  llnaar  rolatlonahlp  batwaan  thaaa  quantities.  (Carlaon  at  al,  1962). 
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Fig.  14.  Hierarchy  of  Hwatwr  Thraaholds,  Illustrating  discontinuous  changes  In 
pl**se  rasponaa  Co  continuously  Inc r ssslng  Hr  power  which  drives  tho  plassa  post 
higher -power  density  thresholds. 
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D.  MPADOFOULOS,  US 

In  tho  time  evolution  of  instabilities  under  constant  HP  driver,  it  is  important  to 
note  that  wo  era  observing  the  evolution  of  the  plassa  state  toward  a  'fully 
developed*  turbulence  state  (i  a.,  interaction  of  Langmuir  solitons,  their  associated 
cavitona  and  the  supra  thermal  electrons)  rather  than  new  instabilities  dominating  at 
various  times.  Such  situations  have  bean  analyzed  over  the  last  fifteen  years  in 
plasma  physics  (i.a.,  electron  beam  plasma  interactions  end  laser  fusion). 

ADTHOR'S  REPLY 

It  ia  indeed  fair  to  say  that  the  change  in  character  of  the  observed  echo  (of  Fig. 
11a)  la  attributable  to  a  change  in  the  stete  of  the  plassa  between  the  initial 
growth  and  the  following  many  seconds.  After  tana  of  seconds  a  different  instability 
(thermal  self-focussing)  interpretation  best  fits  the  data.  However,  to  me,  the  main 
issue  and  challanga  to  the  theoretical/  experimental  team  is:  to  maintain  a  good 
enough  dialogue  to  achieve  theoretical  definition  and  experisental  measurement  of 
critical  diecrimiratorr  to  test  and  validate  alternate  theoretical  hypotheses  and 
descriptions)  and  to  intelligently  plan  for  future  heater  thresholds  (Fig.  14) . 

B.  8CHWBICHER,  BE 

Why  do  you  see  only  odd  harmonics  of  the  ion-acoustic  wave  in  the  HF  produced 
instabilities? 

AUTHOR'S  REPLY 

It  is  a  consequence  of  eatiefying  the  geometry  for  reception  of  echoes  along  the 
incoherent  scatter  radar  line  of  sight  and  the  conservation  of  momentum  between  the 
Interacting  waves.  It  can  be  seen  from  construction  of  a  k  vector  diagram  for  the 

waves. 
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We  have  reviewed  tad  provided  t  technical  assessment  of  Soviet  research  of  the  past  five  to  ten 
years  in  ionospheric  modification  I  f  high-power  radio  wives.  This  review  includes  a  comprehensive 
survey  of  Soviet  publish'd  literature,  conference  proceedings,  and  direct  discussions  with  the  involved 
Soviet  researchers.  The  current  state  of  the  art  for  Soviet  research  in  this  field  is  evaluated,  identifying 
arras  of  potential  breakthrough  discoveries,  and  discussing  Implications  of  this  work  for  emerging 
technologies  tod  fututre  applications.  This  assessment  is  divided  into  the  categories  of  basic  research, 
advanced  research,  and  applications.  Basic  research  is  further  subdivided  into  studies  of  the  modified 
natural  geophysical  environment,  nonlinear  plasma  physics,  and  polar  geophysical  studies.  Advanced 
research  topics  include  the  generation  U  artificial  ionisation  mirrors  and  high-power  oblique  propagation 
effects  A  separate  comparative  assessment  of  Soviet  theoretical  work  also  is  included  in  this  analysis. 
Our  evaluation  of  practical  and  potential  applications  of  this  research  discusses  the  utility  of  ionospheric 
modification  in  creating  disturbed  radio  wave  propagation  environments,  and  its  rote  in  current  and  future 
remote -sensing  and  telecommunications  systems.  This  technical  assessment  does  not  include  consideration 
of  ionospheric  modification  by  means  other  than  high-power  radio  waves. 


The  Soviet  effort  in  Ionospheric  modification  sustains  theoretical  and  experimental  research  at  activity 
levels  considerably  greater  than  that  found  in  comparable  programs  in  the  West  Notable  strengths  of 
the  Soviet  program  are  its  breadth  of  coverage,  large  numbers  of  scientific  participation,  theoretical 
creativity  and  insight,  and  its  powerful  radio  wave  transmitting  facilities.  Weaknesses  in  the  Soviet  effort 
include  computational  limits  in  numerical  analysis  of  nonlinear  processes,  inferior  experimental  diagnostic 
capabilities,  and  an  apparent  tendency  of  experimental  programs  to  validate  theoretical  predictions  as 
opposed  to  exploring  new  phenomena.  A  recent  review  of  Soviet  ionospheric  modification  research  is 
gfrea  by  Migulin  and  Gurevich  (1). 


Radio  wave  propagation  through  the  upper  atmosphere  is  inherently  a  nonlinear  process.  As  the 
radio  wive  energy  density  delivered  to  the  upper  atmosphere  is  increased  continuously,  the  response  of 
the  medium  and  its  associated  influence  on  wave  propagation  changes  discontinuousfy.  At  sufficiently 
hfcb  powers,  radio  waves  are  capable  of  significantly  modifying  the  medium  through  which  they  propagate. 
The  region  of  the  atmosphere  with  the  greatest  effect  on  radio  waves  and  most  susceptible  to  change 
by  them  is  die  ionosphere  (roughly  50  tc  1000  km),  which  is  weakly  ionized  by  solar  radiation.  This 
weakly  ionized  plasma  is  a  subject  of  great  interest  in  basic  plasma  physics  research.  Some  of  the 
nonlinear  wave-plasma  interactions  observable  in  'he  ionosphere  are  fundamental  processes,  with 
application  to  many  other  areas  of  plasma  physics,  but  which  because  of  associated  large  spatial  and 
temporal  growth  scales  are  not  easily  reproduced  and  investigated  in  traditional  laboratory  plasmas. 
Furthermore,  transionospheric  propagation,  ionospheric  reflection,  and  ionospheric  refraction  are  key 
dements  in  numerous  civilian  and  military  telecommunications  and  remote-sensing  systems  operating  at 
radio  frequencies.  Nonlinear  self-action  effecti  of  radio  waves  on  the  medium  through  which  they  are 
travelling  may  act  to  enhance  or  degrade  system  performance  at  high  frequencies,  as  well  as  to  establish 
absolute  performance  limitations,  fa  addition,  induced  ionospheric  modifications  may  influence,  or  even 
disrupt,  the  operation  of  other  radio  frequency  systems  relying  on  propagation  through  the  modified 
region.  The  controlled  generation  or  accelerated  dissipation  of  ionospheric  disturbances  may  be  used 
to  produce  new  propagation  paths,  otherwise  unavailable,  appropriate  for  selected  rf  missions.  As  a 
result,  the  study  of  ionospheric  modification  by  high-power  radio  waves  it  mod  .-sled  by  the  diversity  of 
applications  of  radio  waves  to  perturbations]  investigation  of  the  ambient  atmosphere,  to  basic  plasma 
physics  research  using  the  near-earth  space  environment  as  a  natural  plasma  laboratory-witbout-wifis,  and 
to  direct  measurements  of  the  imluence  of  the  ionosphere  on  rf  systems  operations. 

The  Soviet  effort  in  ionospheric  modification  continues  to  maintain  theoretical  and  experimental 
research  at  activity  levels  considerably  greater  than  those  found  in  comparable  Western  programs.  The 
Soviets  have  approximately  ten  times  as  many  personnel  Involved  as  are  active  in  the  United  Slates, 
although  the  ratio  it  smaller  (a  factor  of  two  or  three)  when  evaluated  in  terms  of  researchers 
demonstrating  sustained  participation  over  several  years.  Soviet  high-power  high-frequency  transmitting 
facilities  for  iooospberic  modification  are  both  more  powerful  and  numerous  than  similar  facilities  in  the 
West,  and  appear  to  be  operated  oo  a  more  regular  basis.  Known  Soviet  transmitting  facilities  are 
described  in  Ttble  L  providing  our  best  estimates  of  location,  frequency  range,  power,  and  other 
operatlr%  characteristics.  Figure  1  shows  schematically  the  location  of  each  facility  and  its  approximate 
conjugate  point  In  contrast  to  Soviet  futilities,  modification  facilities  in  the  West  enjoy  superior 
diagnostic  capabilities,  at  least  as  needed  for  the  study  of  basic  physical  processes.  Whereca  Western 
theoretical  research  has  emphasized  numerical  analysis  and  computer  simulations,  the  predominant  Soviet 
theoretical  effort  has  used  a  more  intuitive  analytical  approach,  with  noteworthy  successes  in  addressing 


— f-iw  aonHnag  pheromeua  using  approximation  techniques.  Tbit  approach  la  large  part  it  the  result 
of  United  Soviet  cornputational  facilities.  Nevertheless,  the  Soviets  maintain  a  theoretical  effort  of 
tscupcioatl  quality  and  insight. 

ht  tarns  of  ptrformance,  Soviet  theoretical  research  tenth  to  lead  their  experimental  ionospheric 
modUiretioo  program!  An  apparent  inditiation  toward  stressing  experimental  confirmation  of  theory  is 
a  dsiciaiiS  unique  to  Soviet  ionospheric  modification  research.  In  the  West,  experimental  result! 
me  considered  to  be  of  greatest  tape  nance  when  they  discover  tome  unexpected  feature  or  oew 
tgmmbmk  behavior,  beyond  simple  confirmation  of  theoretical  predictions.  The  Soviet  experimental 
•cadency  toward  reporting  theoretically  expected  results  nay  be  t  consequence  of  data  selectivity  based 
as  Statistical  uncertainties  or  ambiguous  diagnostic  measurements  (making  new  discoveries  more  difficult 
to  substantiate  or  rigorously  reproduce),  or  perhaps  in  some  isolated  cases  as  a  conformist  response  to 
the  acknowledged  hierarchy  of  Soviet  roentiSc  research  in  tbit  field,  in  which  recognized  theorists  and 
their  studies  are  held  in  high  regard.  For  whatever  reason,  Soviet  ionospheric  modification  research  has 
not  demonstrated  an  exploratory  experimental  effort  to  complement  and  challenge  their  theoretical 
creativity. 


Table  L  Soviet  Ionospheric  modification  foeffitie*. 


Facility  /  Site 

Organization 

ERP 

(MW) 

Zetenogradskaya 

NHR 

135 

10001  pulsed 

(near  Moscow) 

40,  CW 

CESAR 

EMRAN/IPFAN 

4-5 

SO 

(Dushanbe) 

SURA  (near  Coritii) 

EPF  AN 

5-10 

400 

ZMENKI  (near  Cockn) 

IPFAN 

44 

20 

Monchegorsk 

PGI/IZMIRAN 

33 

10 

(near  Murmansk) 

IS 

•  • 

Kharkov 

KFI 

4.7-11 

10 

4.7-11 

400 

Ctophfacal  effects 

HF  i-odiflcafion  of  the  ionosphere  develops  tfiseontinuously.  As  increasing  energy  delivered  to  the 
lonoaphej  exceeds  the  limiting  capacity  of  each  dissipative  process,  the  ionospheric  response  cascades 
cSscontinuousty  to  ever  greater  nonlinear  saturation  processes.  In  addition,  each  new  level  of  nonlinearity 
is  accompanied  by  a  host  of  secondary  interactive  phenomena  Tins  concept,  with  associated  nonlinear 
process,  is  shown  schematically  in  Figure  t  Historically,  theory  has  been  relatively  poor  at  predicting 
the  thresholds  for  these  discontinuous  leaps  in  nonlinear  physics  behavior,  as  weQ  as  at  anticipating  what 
new  nonlinear  processes  are  to  assume  dissipative  predominance  at  each  higher  level.  However,  tbeoiy 
has  been  comparatively  quick  to  explain  experimental  results  once  these  new  nonlinearities  are  observed. 

The  Soviet  Union  conducts  experimental  research  using  facilities  with  greater  frequency  coverage  and 
greater  radiated  power  capacity  than  current  frailties  in  the  West,  and  thus  enjoys  a  considerable 
potential  advantage  in  terms  of  generating,  studying,  and  exploiting  new  atmospheric  modification  effects. 
However,  because  of  the  general  inability  of  theoretical  analysis  to  predict  these  new  processes  and 
associated  phenomena,  and  because  of  the  generally  lest  exploratory  nature  of  Soviet  experimental  studies, 
their  research  has  yet  to  apply  this  potential  advantage  into  advanced  systems  operations.  We  cannot 
accurately  assess  the  importance  or  systems  applications  these  processes  might  afford,  although  several 
potential  applications  are  being  suggested  and  discussed  in  this  symposium.  We  can  speculate,  based 
on  comments  found  in  the  Soviet  literature,  that  they  are  exploring  the  use  of  such  geophysical 
modifications  to  alter  optica)  (visible  and  Infrared)  background  atmospheric  emissions;  to  either  enhance 
or  degrade,  comroflabty,  selected  RF  communications  and  remote-sensing  operations;  to  provide  for  low 
data  rate  communications  with  magnetic  conjugate  regions;  and  to  affect  magnetic  and  energetic  particle 
activity  in  the  near-earth  space  environment  That  such  applications  have  found  notice  in  the  Soviet 
research  is  in  itself  not  surprising,  since  similar  issues  obviously  have  been  addressed  in  the  Western 
ionospheric  modification  research. 
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Hfara  L  Hierarchy  of  HF  ionospheric  modification  thresholds  (H.  C  Carlson,  FASAC  Report  TAR- 
4040.  1988). 


Mwffiwr  fttsna  Pkyda 

Pobbcitions  and  reports  of  Soviet  studies  of  plasms  instabilities  in  the  ionosphere  have  increased 
dmna^afly  in  recent  yean.  These  studies  are  motivated  more  by  the',  importance  to  basic  plasma 
physics  research  than  by  a  desire  to  better  understand  the  natural  geophysical  environment.  Plasma 
instabilities  can  give  rise  to  ionospheric  electron  density  irregularities,  plasma  turbulence,  stimulated 
electromagnetic  emissions,  accelerated  electrons,  and  larjer-scaJe  density  redistributions.  Notably,  these 
plasma  Instabilities  are  often  the  driving  processes  behind  the  geophysical  modifications  discussed  above. 
As  SKh,  the  study  of  HF-induced  plasma  instabilities  in  the  ionosphere  is  appropriately  considered  as 
M  essential  basic  research  supporting  the  development  of  practical  telecommunications  and  remote-sensing 
applications.  This  connection  is  openly  discussed  in  the  Soviet  literature.  Recent  experimental  resuln 
eootrje  to  be  limited  by  diagnostics  that  are  relatively  poor  In  comparison  to  those  available  in  the 
West.  However,  there  are  exceptions,  with  state-of-the-art  equipment  such  as  HF  digital  sounders 
begrtaing  to  be  used  in  some  of  these  experiments.  Another  notable  trend  in  this  area  is  the 
appearance  in  Soviet  publications  of  detailed  information  about  their  facilities  and  experimental  methods, 
and  an  open  willingness  to  participate  in  mutually  beneficial  collaborative  research.  Experimental 
observations  are  supported  by  careful  data  analysis  and  high  quality  theoretical  calculations. 


Afar  Agfa"  Audio 

Considerable  recent  attention  in  the  West  has  been  given  to  HF  Ionospheric  modification  at  high 
latitudes,  with  relatively  new  HF  facilities  operating  at  Tromso,  Norway  and  Fairbanks,  Alaska,  and  an 
even  more  powerful  new  facility  being  planned  for  near  Fairbanks  in  the  future.  Given  that  ionospheric 
nocEfiriticm  research  is  very  active  in  the  Soviet  Union,  and  that  the  Soviets  also  maintain  a  vigorous 
program  in  polar  ionospheric  research,  it  is  quite  surprising  to  find  so  little  reported  activity  or  apparent 
iviwiv  fa  ionospheric  modification  in  polar  regions.  All  of  the  Soviet  HF  facilities  from  which  data 
have  been  reported  operate  in  mid-latitude  geophysical  environments.  A  new  15- MHz  facility  is  under 
development  by  the  Polar  Geophysical  Institute,  but  only  one  trsu*mitter/antenna  element  has  been 
wvutnvfwi  and  operated.  Eventually  this  facility  may  become  a  uniquely  powerful  HF  transmitting  site, 
but  the  pace  of  development  it  relatively  slow  for  now. 


flbipar  Pmpatmkm 

ObBqne  high-power  radio  wave  propagation  is  an  area  of  great  interest  but  of  limited  reported 
activity  within  Soviet  ionospheric  modification  research  Its  primary  application  is  to  over-the-horizon 
radars,  and  possibly  to  high-power  short-wave  radio  communications  over  long  propagation  paths.  At 
adBdenUy  Ugh  power  densities,  obliquely  incident  electromagnetic  waves  can  modify  the  ionospheric 
plasma  through  which  they  propagate  so  as  tc  affect  their  system  performance,  as  well  as  the 
performance  of  other  systems  retying  on  radio  propagation  through  this  m  dified  region.  Girrently 
reported  Soviet  research  results  typically  come  from  either  very  dated  or  unusually  low  power 
experiments.  Although  basic  experimental  and  theoretical  research  in  high-power  oblique  propagation  has 
obvious  telecommunications  and  radar  applications,  no  specific  reference  to  these  systems  is  found  within 
the  published  Soviet  literature.  This  may  be  a  consequence  of  strong  organizational  distinctions  between 
Soviet  basic  research  and  systems  applications,  oe  the  result  of  a  more  deliberate  programmatic  separation 
of  rase  arch. 


M 


Tkacrtbcai  fUaearck 

Soviet  theoretical  work  on  koocpberic  modification  encompasses  many  different  field*  o f  research, 
lhaie  studies  moat  addreaa  a  diverse  spectrum  of  nonlinear  processes  and  phenomena,  often  mutually 
hteaaho  and  operating  over  a  wide  range  of  spatial  and  temporal  scales.  There  is  no  decisive 
(Bpcriority  of  the  Soviet  or  Western  theoretical  program  As  noted  earlier,  experimental  observations 
ftaqoe&tly  serve  to  motivate  theoretical  research.  Soviet  theoretical  efforts  have  in  the  past  often 
tmpaoibi  so  obaei rations  reported  from  experiments  in  the  West  However,  as  modification  science  in 
tfae'  West  becomes  increasingly  interested  in  highly  nonlinear  processes  such  as  strong  Langmuir  turtwlence 
tSaax,  Soviet  theoretical  analyses  am  significantly  disadvantaged  by  their  lack  of  access  to  sophisticated 
computer  simulations 


AHfkU  hnbatkm 

High-power  elecromsgnetic  radiation  is  cxpahle  of  producing  and  maintaining  regions  of  artificial 
loabation  in  the  *tmcrpbere  and  lower  ionosphere.  The  Soviets  have  conducted  an  orderly  and 

hunmlTf  program  combining  theoretical  studies,  numerical  modeling,  laboratory  observations,  and 
atmospheric  experiments.  The  concept  of  using  duel  fcacnccting  high-power  microwave  beams  to  define 
and  r-wf"  ta  ionised  region  originated  in  the  Soviet  Union  (2J).  Achieving  steady  progress  over  the 
part  tha  Soviets  have  developed  a  well-defined  recommendation  for  a  prototype  facility  using  a 

multiple-poise  tetereectirj  beam  method  of  ionising  the  neutral  atmosphere.  This  approach,  leading  to 
artificial  kxtixetion  radio  reflectors,  has  been  described  in  the  Soviet  literature  a*  offering  new 
propagation  paths  for  a  wide  variety  of  civilian  and  military  RF  applications,  including  enhanced  long- 
nags  earns nicsticcs,  improved  aver-the-borbon  radar  coverage,  and  the  possibility  of  secure  military 
eosnssarieations  avoiding  disturbed  environments.  A  derision  to  proceed  with  facility  development  has 
not  yet  been  made.  Artificial  ionization  studies  in  the  West  have  been  pursued  only  for  about  the  last 
five  yean,  hut  to  cor  advantage  the  artificial  ionization  process  is  physically  complex  and  best  can  be 
accurately  nested  using  norJirear  kinetic  theory  and  acphiitlcsled  computer  simulations.  Matty  difficult 
probfens  remain  fer  both  Soviet  and  Western  progtacs  to  convert  a  tele  physics  research  concept  into 
app&d  operates!  s ryaeai  However,  the  potential  re-, card  and  scope  of  application  is  so  great,  to  the 
point  of  rermhetiadsiog  aelecred  areas  of  RF  propagate  and  remote-sensing,  that  continued  study  of 
artificial  iorsixBtioa  processes  seems  assured  Opportunities  for  cooperative  research  studies  with  the 
Soviets  in  this  area  appear  very  realistic,  with  a  joint  symposium  recently  held  discussing  artificial 
jouhation  research  results  and  foture  plans  (as  part  of  the  International  Workshop  on  Nonlinear  and 
Untalent  Processes  in  Physics,  Kiev,  USSR,  October,  1989)  and  additional  meetings  scheduled 
(fatcraataal  Workshop  on  Strong  Microwave*  in  Plasmas,  Suzdal,  USSR,  September,  1990). 


Tabic  Z  Summary  of  ionospheric  modification  effects. 


w - a.  _  _r_ 

IQBCTpPCnC 

Region 

Altitude 

(tan) 

Perturbing 

Frequency 

Practical 

Effects 

• 

20-ao 

1  MHz  -  10  GHz 

Electron  density  production 

V 

7095 

10  tab  -  30  MHz 

Micropulsation  to  VLF  generation 
Increase  electron  energy,  density 
Nonlinear  interactions 

HF  absorption 

Self-action  effects 

E 

95-120 

3  MHz  -  10  MHz 

Ionization  irregularities 
increase  electron  energy 

Modify  electron  density 

Instability  excitation 

HF-VHF  refraction 

F 

150450 

3  MHz  •  30  MHz 

HF-VHF  refraction  and  bockscatter 
Increase  electron  energy 

Modify  electron  density 

Field- aligned  striations 

Optical  emissions 

Instability  excitation 

Plasma  and  era  emissions 

Strong  langmuir  turbulence 

AffNcadcm 

lonwplltric  modification  research  Is  motivated  In  part  by  its  practical  and  potential  application}.  Ai 
long  M  systems  rely  oo  atmospheric  propagation  u  an  integral  component  of  their  overall  performance, 
the  study  of  atmospheric  disturbances,  both  natural  and  man-made,  will  be  an  important  field  of  study. 
As  described  in  the  preceding  sections,  ionospheric  modification  offers  opportunities  to  introduce 
controlled  perturbations  into  tbe  ionosphere,  selectively  enhancing  or  degrading  specific  telecommunications 
systems  performance.  Soviet  studies  openly  discuss  this  motivation  for  their  research; 

_  then  tet  sun  So  be  a  number  of  practical  applications  of  effects  resulting  from  radio  wave 
modification  of  tin  ionosphere.  Here  it  is  sufficient  to  point  out  the  application  to  radio 
commurHcarioot  at  distances  up  »  3000  km,  using  aspect-sensitive  field-aligned  scattering  from  artificial 
smaH-tcala  irregularities,  tbe  use  of  the  same  effect  for  radio  wave  injection  into  the  ionospheric 
waveguides,  ‘and  the  improvement  of  very  long-range  HF  communications  with  satellites.  Such  reasons 
underlie  tbs  considerable  Soviet  interest  in  investigations  of  nonlinear  phenomena  —  (4) 

As  described,  research  foals  with  system  applications  include  establishing  limitations  imposed  by  radio 
waw  vtif-ae tion  effects,  controlling  disturbed  environments  through  which  other  systems  must  operate,  and 
profi  ting  propagation  paths  otherwise  unavailable  for  new  RF  systems  operations.  A  summary  of 
possible  controlled  atmospheric  perturbations,  as  discussed  in  the  Sennet  literature,  is  presented  in  Table 
2  At  this  time,  the  most  promising  practical  applications  of  ionospheric  modification  appear  to  be 
mho  freoueacy  generation  by  modulation  of  Ionospheric  currents  or  nonlinear  beat  wave  miring; 
enhanced  VHF/UHF  propagation  using  artificial  irregularities  and  field-aligned  scatter,  ionospheric  studies 
aapioiting  HF-induced  optical  emissions;  and  HF  over-the-horizon  range  foreshortening  and  VHF/UHF 
ranee  artentioo  using  leaner  from  artificially  ionized  regions.  Within  these  topics,  most  Soviet  applied 
work  Kant  to  be  fat  the  area  of  exploring  Geld- aligned  scatter,  with  a  number  of  recent  reports 
investigating  various  qualities  and  conditions  of  the  irregularity  development  and  its  scattering 
characteristics.  Potential  applications  of  such  research  are  shown  schematically  in  Figure  2  Recent 
renovation  and  upgrading  of  the  gyrofrequency  high-power  facility  near  Moscow  indicates  a  renewed 
interest  in  D-  and  E-region  heating,  with  direct  applications  to  radio  frequency  generation.  This 
application  is  illustrated  schematically  in  Figure  3.  The  Soviets  have  conducted  the  most  thorough 
analysis  to  date  on  expected  artificially  excited  optical  emissions,  but  no  evidence  suggests  that  an  active 
experimental  program  exists  in  this  area  (5).  The  Soviet  work  on  artificial  ionization  is  quite  advanced, 
with  open  discussion  of  the  many  possible  telecommunications  applications  such  a  system  might  support. 
However,  any  accelerated  efforts  toward  construction  of  a  prototype  facility  is  not  apparent.  Proposed 
applications  geometries  are  shown  in  Figure  4,  and  a  Soviet  cartoon  of  applications  is  presented  in 
Figure  5.  Applications  to  selected  system  degradations  are  shown  schematically  in  Figure  6.  Clearly 
the  range  of  potential  applications  is  diverse,  and  Soviet  science  seems  well  aware  of  these  opportunities. 


Figure  2  Long-range  HF  propagation  (N.  C  Genoa,  FASAC  Report  TAR-4040,  1988). 


CoRckuisnt 

Send  reaearch  ia  ionospheric  ncxEfiation  nontinttes  both  to  address  flmdamenul  problems  in  plasma 
phyrin  tad  goopbytical  research,  and  to  demonstrate  the  application  o f  this  approach  as  a  means  of 
eontroOing  the  natural  envireastect,  providing  enhanced  or  new  opportunities  in  remote-tensing  and 
lalemmmuntcariona.  Applied  wort  m  ionospheric  taodlScation  tends  to  be  in  areas  of  emerging 
Stehantogka.  not  breakthrough  teebaok^es.  Because  of  efforts  in  the  past  several  yesn  to  openly 
dbcust  ongoing  studies  and  exchange  research  results,  to  bold  joint  research  symposia,  and  to  suppjii 
eoflaborative  research  programs,  we  do  not  believe  the  West  a  imminently  susceptible  to  'Jgrufican: 
tedaoiogical  surprise  from  Soviet  ionospheric  taodiffestioo  research.  Indeed,  the  opportunities  for 
aieperaJve  aad  autually  beneficial  research  have  never  been  better. 


Aetuniidaflumtr.  This  study  ia  the  outgrowth  of  work  britler-rf  under  contract  to  the  Foreign  Applied 
Sciences  Aaaesament  Censer,  Science  Applications  International  Corporation.  The  current  study  was 
conducted  with  support  bom  the  U.S.  Air  ccr«  Geophysics  Laboratory  (AFSC)  through  Los  Alamos 
National  Laboratory.  The  authors  gretefully  acknowledge  the  original  contributions  to  the  FASAC 
technical  assessment  report  7AR-4040  (1988)  by  R  C  Carlson,  Jr,  F.  T.  Djuth,  J.  A.  Fejer,  N.  C 
Genoa  T.  Hsgfora.  D.  B.  Newman,  Jr.  We  also  wish  to  thank  P.  A.  Kossey,  W.  T.  Armstrong, 
and  G.  MQikb  for  helpful  comments  and  suggestions. 
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OISCUSSIOR 


r.  r.  Ban or,  ns 

Scientists  from  tlx  US SR  have  also  bean  activa  in  ionoapharie  modification  dua  to 
aatelliha-borna  tranaalttara,  l.e.,  Ionoapharie  topaida  aoundara.  In  thia  caaa  tha 
high  power  ia  dua  to  tha  ln-altu  nature  of  tha  tranaaittar.  Indaad,  ona  of  tha  main 
affacta  thay  hava  studied  conciraa  electron  accalaratlon  dua  to  tha  aoundar  pulaa, 
and  electron  accalaratlor,  was  ona  of  tha  affacta  In  tha  high  powar  portion  of  your 
"Iffact  vs  ST  Powar*  figure  (taken  from  H.  C.  Carlson).  Thay  [Cal'parln  at  al.. 
Da  tact  ion  of  alactron  accalaratlon  in  tha  ionoapharie  plasma  undar  the  mfluanca  of 
high-power  radio  radiation  naar  tha  leal  plasma  fraquancy  aboard  tha  spaca  vahlcla 
Intarkoaaoa  19,  coaalc  Kaa. ■  H,  22-29,  1981]  wars  tha  first  to  Investigate  this 
af fact  which  baa  also  baan  obaarvad  with  tha  ISISI  topaida  aoundara  [Jamas,  H.  S. , 
Sounder-accelerated  part  Idas  obaarvad  on  ISIS,  J.  Gaoehva.  Raa..  14,  4027-4040, 
1V82]  •  Nora  racantly  thay  hava  corralatad  tha  alactron  heating  with  tha  frequency 
of  tha  responsible  sounder  pulaa  and  attempted  to  relate  them  to  specific  sounder- 
atlaulated  plaaaa  raaonancaa  [Shulakaya  at  el..  Resonant  hasting  of  tha  ionoapharie 
plasma  Ly  powerful  radiopulaaa  aboard  tha  Intarcoasca-19  and  Coamoa-1809  aatallitaa, 
Planet.  Space  Set--  ]«.  173-180,  1990].  Thalr  continued  lntaraat  in  apaea-boma 
tranaalttara  for  resaarch  la  liluatratad  by  the  recant  miaalon  *ACTrvz*. 

torsos • I  RXPLT 


Vo  T9f  .y  noodod. 

d.  nruoroous,  us 

In  year  report  there  was  a  mention  of  ona  gyrofrequancy  facility  with  more  than  i  cw 
of  powar  at  Dushanbe.  Ia  thia  atill  correct? 

AUTHOR'S  RXPLT 

The  report  refers  to  a  gyrofrequancy  heating  facility  at  Zelenogradskaya,  near 
Nomcow,  with  a  pulsed  ERP  of  l  gw.  Thia  facility  has  an  antenna  array  with 
approximate  gain  C  -  20  da.  Tbs  pulaa  duratlone  are  S00  microseconds  with  a  pulaa 
repetition  period  of  20  millieaconda.  Tha  CV  utp  of  thia  facility  is  40  MW. 


>1 


HISTORICAL  OVERVIEW  OF  HF  IONOSPHERIC  MODIFICATION  RESEARCH 
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and 
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Radio  wives  have  !<  advertently  modified  the  Earth's  ionosphere  since  the  Luaembowg  observations  of 
TeHe|en  in  1933  and  perhaps  since  Marconi  in  1901.  The  history  of  ionospheric  modification  by  radio  waves 
is  reviewed,  beginning  with  Marconi,  describing  the  Luxembourg  effect  and  its  explanations,  and  its  early  use 
B  deduce  the  properties  of  the  lower  ionosphere  in  the  1930s.  The  measurements  became  more  sophisticated 
la  the  1950a,  leading  to  the  call  for  high-power  high-frequency  modification  experiments  in  the  upper 
ionosphere.  Beginning  in  1970,  radio  facilities  became  available  of  sufficient  powers  to  induce  changes  in  the 
ionospheric  plasma  detectable  by  a  wide  array  of  diagnostic  instruments  tad  techniques.  A  summary  of  these 
effects  is  presented  based  upon  west  up  to  1990.  These  studies  were  originally  moth  tied  as  a  means  of 
better  understanding  the  natural  ionosphere  using  a  weak  perturbational  approach.  However,  l  rich  spectrum 
of  nonlinear  wave-plasma  interactions  was  quickly  discovered  and  ionospheric  modification  research  became 
strongly  motivated  by  issues  in  basic  plasma  physics.  The  ionosphere  and  near-Eirth  space  are  now 
expiated  as  an  exceptional  plasma  laboratory -without- wills  for  the  study  of  fundamental  plasma  processes 
requiring  large  spatial  or  temporal  scales.  Here  we  present  a  brief  overview  of  these  processes  and 
phenomena,  illustrated  using  results  obtained  from  the  Artcibo  ionospheric  modification  facilities.  The 
lesions  learned  and  phenomena  explored  thus  far  offer  many  oppcrnwities  for  controlling  the  ionospheric 
environment  critical  to  many  civilian  and  military  telecommunications  systems,  both  to  disrupt  systems 
normally  operational  and  so  create  new  propagation  paths  otherwise  unavailable. 


L  INTRODUCTION 

Modification  of  the  ionosphere  by  high-power  high-frequency  (HF)  radio  waves  has  been  intensively  Investigated  over 
the  past  two  decades.  This  research  has  yielded  direct  advances  in  aeronomy,  geophysics,  and  plasma  physics  with 
applications  to  telecommunications,  remote  sensing,  laser  fusion  physics,  and  astrophysics.  In  iddition,  ionospheric 
modification  has  historically  provided  for  fruitful  interactions  of  plasma  theorists  and  radio  experimentalists 

There  being  almost  no  linear  effects  of  powerful  radio  wives  on  die  ionosphere,  we  tain  concentrate  on  the  nonlinear 
effects  To  put  the  so  ect  in  perspective  we  trace  its  history  beginning  in  the  early  1930s  and  highlight  the  important  events 
up  so  the  late  1960s  We  then  shift  to  a  phenomenological  approach  and  deal,  in  order,  with  ohmic  heating,  parametric 
instabilities,  self-focusing  and  kilometcr-scale  filamentation  irregularities,  meter-scale  irregularities  strong  Langmuir 
turbulence,  pump  modulation  and  wave  generation  effects,  and  a  collection  of  recently  discovered  phenomena  Many  of  twse 
processes  are  illustrated  using  results  from  the  Areribo  ionospheric  modification  facilities  We  conclude  with  a  brief 
diacusxiofi  of  the  diverge  range  of  telecommunications  applications  to  which  ionospheric  modification  techniques  might 
contribute. 


LI  HISTORICAL  PERSPECTIVE 

On  December  12,  1901,  in  a  bold  experiment  that  he  felt  would  work,  but  was  not  prepared  to  explain,  Marconi 
transmitted  the  code  letter  "S“  from  Cornwall,  England  and  received  it  in  St  Johns,  Ncwfoundli'  d,  a  distance  of  about  3000 
km  around  the  curvature  of  the  Earth's  surface.  The  success  of  this  pioneering  venture,  although  not  a  demonstration  of  a 
nonlinear  ionospheric  effect,  staited  a  revolution  in  long  distance  communication,  ushered  in  an  era  of  international  science, 
and  staited  a  pattern  of  experimental  observation  stimulating  rapid  development  of  radio  science  theory.  In  this  case, 
Kennelly1  and  Heaviside1  quickly  responded  by  independently  postulating  in  1902  the  presence  of  a  conducting  reflecting  layer 


The  proper  beginning  for  radio  modification  of  the  ionosphere,  however,  is  the  report  by  Telle  gen5  in  1933  of  the 
inadvertent  modulation  of  the  Beromunster  (625  kHz)  signal  by  the  powerful  signal  of  the  Luxembourg  transmitter  (Figure  1). 
Tellegen  interestingly  titled  his  report  'Interaction  Between  Radio  Waves?"  and  within  a  year  Bailey  and  Martytr  property 
ascribed  the  observed  cross-modulation  to  ionospheric  changes  produced  by  the  Luxembourg  radio  waves.  In  particular,  the 
Luxembourg  wave  changed  the  instantaneous  electron  collision  frequency  and  thus  the  attenuation  suffered  by  the 
Beromunster  wave  as  it  passed  through  the  ionosphere  near  the  Luxembourg  transmitter,  producing  a  modulation  of  the 
Bcrooamster  signal  patterned  on  the  Luxembourg  modulation. 

hi  1937Bailey,5  developing  further  the  Lr  embourg  effect,  suggest'd  that  if  the  disturbing  waves  were  tt  a  frequency 
near  the  gyrofrequeney,  the  cross-modulation  would  be  abnormally  large.  Some  simple  experiments  supported  this  prediction® 
and  it  was  later  rigorously  confirmed  by  Cutolo.7 

Fejer*  described  a  method  using  the  cross-modulation  techniques  to  obtain  electron  density  and  collision  frequency 
profiles  (Figure  2)  in  the  D  region  ionosphere  under  certain  assumptions.  This  technique  compares  the  amplitude  of  a 
disturbed  wave  and  sit  undisturbed  train  of  wanted  waves  while  altering  the  interaction  height  through  changes  in  the  relative 
time  of  the  wanted  wave  and  disturbing  pulses.  A  powerful  radio  wave  in  the  ionosphere  not  only  is  capable  of  applying  its 
modulation  so  other  signals  passing  through  the  same  plasma,  but  also  distorts  itself  in  ways  that  have  been  described  at 
telf-demod illation’  and  nonlinear  distortion^0 
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U  ACTIVE  EXPERIMENTS 

Ai  the  phenotrenon  of  cross- modulation  and  wave  aelf-in  fraction  became  better  underwood,  •  » amber  of  lesetrcben 
wm  n  ncornla  the  potential  of  using  high-power  radio  waves  to  modify  the  ioootphere  in  controlled  experiments  In  a 
dhect  exlrrooiirioo  of  the  developing  cross-modulation  theory,  Bailey  and  Golditetn11  suggested  uaing  radio  wave*  near  the 
•lectm  gyrofrecueacy  lo  control  ioacsphenc  electron  temperature*,  thereby  affecting  temper!  tor -dependent  moot  phene 
pctati  tact  at  difiution,  attachment,  and  recombination.  They  alao  suggested  the  complementary  aaure  of  controlled 
facaaptgfc  taperfaneaa  and  laboratory  plasms  studies. 

Urt  aoner  radio- in  re  modification  of  the  F-regioe  ionoaphere  ares  propoaed  by  Ginxborg  and  Gwevieh12  is  I960. 
Intcttk  tiailiir  effect*  were  investigated  by  eariey13  tad  Gurevich.14  eitimaring  the  eapeetod  increme*  in  F-repon  electron 
imnna  rod  tuaiased  demiiy  redistribution  resulting  tram  plasma  diffaiioo  along  the  geomagnetic  fkld  line*  Bailey13 
‘  naing  powerful  radio  wave*  to  generate  artificial  airglow  In  the  nocturnal  E-region.  Ginrbirg1*  and 


riM  etaettfc  field  of  kijh-pcmrr  radio  wave*.  coacludUf  that 


A  ocflactioa  o f  ionoapherlc  amdlficition  technique!,  knows  somewhat  Impeeclaely  u  "ionoepheric  heating,  began  to 
*~niTg~  from  the  erosa-modultticn  and  nave-intenctioa  triadic*.  An  early  titempt  (1963)  to  detect  koootpberic  heating 
adheta  with  a  relatively  weak  7.7  MHx  tyaera  nt  amaccemful.1*  Ia  an  expert  mem  investigating  Ionospheric  absorptron 
mi  maodatad  recovery  doc  com  tar  tt.  Elemperer14  seed  the  SO-MHa  Jicamarea  Radio  Observatory  facility  B  modulate  the 
■aamnd  cosatic  rmlio-oolM  inteaxi'y.  And  using  Aredbo  incoherent  tcaner  radar  measurement*  to  infer  changes  u  the 
•lacoon  aojtnemnre,  Showt*20  investigated  change!  la  tha  teiocphcre  under  the  Influence  of  1  high- power  40-MHa  radio 
•tvt  T>e«e  cmly  experiment*  dememtreied  that  controlled  ioooepheric  tnodificiilon  experiment!  were  possible  aiing 
atably  powerful  faeilidea.  Modem  radio  tranimitten  were  being  contracted  capable  of  generating  the*  powerftd  radio 
wnea,  hading  to  the  development  of  acveral  dedicated  ground-baad  ioeo3phrfc  modification  facilitiei  ia  the  la*  tixtiea  and 
Mrty  aevtodes.21'23  More  recently,  aew  modification  facilities  have  been  operated  at  Aredbo,  Puerao  Rkw  Trtxnao,  Norway 
mi  Fairbanks,  Alaska. 


1  HEATING 

Tha  original  icooapheric  modificatioo  cxperlmeno  axing  high- power  HP  radio  wave*  were  Intended  to  prodace  tmall 
ecrTwbetions  in  the  local  thermal  balance  aa  a  tool  »  study  heating  and  cooling  processes,  collision  raiei,  and  lunoing 
croes-acctxtos  The  ionoepheric  D,  E  and  F  region  have  been  disturbed  and  then  allowed  m  relax  B  ambient  conditions 
I)  yielding  heating  rod  cooling  time  constants  and  electron  density  variation.24 

Aa  the  ehvwvn  ace  heated  ia  the  lower  Ionosphere,  the  ootlision  rate  increase*  and  hence  the  radio  wave  absorption 
y»~»i  cvea  owe  efficient  This  amplification  nay  lead  so  a  process  known  as  "thermal  runaway"  In  which  electron 
can  rite  so  very  high  level*.23  Ex  perinea  tally,  large  gmperatiae  rises  have  been  rrponed,2*  accompanied  by 
taexcnaca  cf  25-30  dB  abaorptlon  of  mho  waves  pnssug  through  this  region. 

Cohen  assd  Whitehead27  reported  a  ±op  In  signal  strength  of  10  dB  for  a  wave  reflected  at  the  h-ight  of  the  disunhed  F 
region  A  similar  result14  is  shown  in  Figure  4.  Stubbe  et  aL29  repotted  that  the  intensity  of  a  wave  reflected  in  the  disturbed 
F  region  drops  by  np  B  13  dB  when  the  diannbinf  transmitter  it  turned  on.  Varying  the  transmitter  power  of  the  disturbing 
wave  produced  no  change  ht  Ac  reflected  wave  ficld-ttreng-Ji  when  the  ionosphere  was  "quiet,"  but  the  tneaushor  decreased 
when  the  disturbing  wave  power  was  decreased  and  the  ionosphere  vu  variable.  Such  results  support  the  view  that  tone 
signal  loaaca  in  the  ionospheric  F  region  nay  he  attributed  to  enhanced  wave  scattering  from  induced  irregularities.30 

Direct  measurement  of  the  Ionoepheric  electron-  temperature  changes  has  been  attempted  using  incoherent  tcaner  radar 
techniques.  Initial  studies  examined  the  heating  and  cooling  time  dependence  on  bign-power  HF  pulling  near  u,.'  HF 
seflectun  height.31  Subsequent  studies  by  Mantas  et  al.24  extends!  this  approach  B  include  analysis  of  heating  and  coolui* 
effects  away  from  the  reflection  altitude,  where  heat  conduction  is  responsible  for  spreading  of  the  electron  Ksnpentme 
nahaaceroeM  outside  of  the  segioa  where  the  radio  wave  energy  a  depot i  ted  (Figure  5)^ 


A  ENHANCED  PLASMA  WAVES 

On*  of  the  more  remarkable  discoveries72  of  the  early  HF  iqnomheric  modification  experiments  snu  the  detection  of  a 
rich  spectrum  of  plasma  instabilities  excited  near  the  HF  reflection  height  These  nonlinear  wave-plarma  interactions  are 
ansnfiy  inrifcuied  collectively  to  parametric  instabilities,  characterized  by  a  pump  or  driving  field  whose  energy  cascades  into 
plasma  oarillarions  aa  lower  natural  resonant  plasma  frequencies  and  adhtional  electromagnetic  waves,  h.  the  present 
lonnaphrrir:  nsodificxtioa  experiments,  the  high-power  HF  electromagnetic  radiation  provides  the  initial  driving  field.  The 
puns  tries!  ly  driven  product  strtves  iadude  the  longitudinal  electrostatic  electron  plasma-wave  and  aa  ion-acoastic  srave 
(parametric  decay  instability),  the  electron  plasma- wive  and  a  tero- frequency  ion  mode  (oacillaring  two-stream  instability), 
two  duett  un  plasma-wave*  at  the  quarter -critical  density  height  (two  ptismoe  decay  instability),  as  no  acoustic  srave  and  a 
actocred  electrons gne tic  srave  (stimulated  Brillouio  tcatteriog),  tad  aa  electron  plasma-wave  and  a  scattered 
electromagnetic  srave  (stimulated  Raman  scattering),  b  addition,  the  excised  electrocute  plasma  waves  can  tench  sufficient 
laaosaWea  ao  at  B  act  aa  pomp  wave*  for  farther  parametric  cascades, 

These  bcabilitita  are  driven  by  the  pooderomotive  or  ttriction  force.33-34  The  potailility  of  excitation  of  itch 
bttaNliriri  a  the  ionosphere  was  first  suggested  by  Perkins  and  Kaw.33  Further  refineme-its  of  this  nonlinear  wave-plasma 
laaeraction  theory,  aa  Hiplied  specifically  B  high-power  ionospheric  modification  expmmema,  w ere  contributed  by  DuBois  and 
Oofctasa3*  and  Fejer  and  Leer.37  The  experimental  excitation  of  plasma  waves  (Figure  6)  was  first  observed  by  Carlson  et 
st3*  and  Wong  and  Taylor. 34  The  resalting  enhanced  electrostatic  turbulence  is  easily  detected  and  studied  using  incoherent 
teaser  radars.  Echoes  enhanced  by  op  so  several  orders  of  magnitude  are  routinely  observed  at  both  the  ion-acoustic  and 
ahem*  plasma-srave  frequencies,  at  aa  altitude  just  below  the  HF  reflection  height  (Figure  7).  These  enhancements  are 
excised  only  for  ordinary  polarizatioo  of  the  incident  pomp  radiation;  extraordinary  polarised  wives  do  nef  reach  be  proper 
akfOMfe  for  nauitim  ot  pw  phnootsi 

The  mhsnreri  electrostatic  turbulence  observed  in  radar  experiment*  Is  generally  attributed  to  parametric  instabilities 
cached  by  the  powerful  HF  pump  wave  Many  of  the  feature*  observed  in  the  fluctuation  spectrum  seem  B  correspond  very 
dearly  with  predicted  paramruic  excitations.  "  However,  parametric  processes  Be  generally  dominant  ia  a  weak  turbulence 


ragiraa,  t>  wn  dull  discuss  la  *  liter  section,  some  aspects  of  the  Ugh- power  HF  ionospheric  modification  molts  may 
raqoa  csnssdentio*  of  strong  Langmuir  turbulence  effects. 

late  ueaaoraneaa  of  the  spectra  of  "he  enhanced  plasma  waves  (Figure  I)  indicate  a  complex  enhanced  plasma  wave 
ancoae.  Additional  spectral  features  have  been  associated  with  the  saturation  of  the  parametrically  enhanced  oscillations 
based  on  secondary  parametric  decay  interactions,  with  the  enhanced  electrostatic  plasma  oscillations  acting  at  new  pump 
Wives.40-42  Additional  spectral  effects  have  been  suggested  based  upon  plasma  wave  propagation  through  the  reflected 
poop  wave  Aity  sanding  wave  pattern43  and  through  natural  or  HF-induced  ionospheric  density  ducts.44 

States  of  tfea  tahaaoed  plasma  tine  rise  and  decay  time  behavior  have  been  conducted  in  a  continuing  series  of  pulsed 
BP  rrprrimf  I,  beginning  with  initial  measurements  by  Kan  tor, 32  Greatest  interest  among  these  studies  has  been  given  to 
aadntaaSng  a  process  Laowa  u  plasma-tine  overshoot.  Immediately  following  tura-00  of  the  HF  pump  wave,  the  observed 
enhanced  ptuma-tiae  signal  increases  rapidly  to  ■  maximum  and  then  relaxes  bade  to  a  lower  steady-state  level  The  specific 
doe  scales  and  overshoot  amplitudes  are  variable  depending  on  the  background  ionospheric  conditions,  HF  pump  frequency 
and  power,  and  the  length  of  the  preceding  HF  off  hme.  An  example  of  the  plasma-line  overshoot  is  shown  in  Figure  9  from 
Duncan  aad  Sheerin43  The  spectrum  of  the  developing  entranced  plasms  line  overshoot  was  studied  by  Showen  and  Kim,44 
showing  aa  evoiutioa  from  a  breed  diffuse  spectrum  to  one  of  sharp  spectral  peaks  it  the  predicted  parametric  instability 
■teaching  frequencies.  The  height  of  the  enhanced  plasma  line  during  overshoot  has  been  investigated  by  Duncan  and 
Shoerix45  and  Djtah  et  aL47  They  found  that  a  weak  early  signal  originated  from  a  height  several  kilometers  above  the  main 
1— ability  height,  that  the  main  overshoot  instability  developed  in  tens  of  milliseconds  during  which  time  the  excitation  height 
roes  by  about  one  kilometer  above  its  initial  appearance  height,  and  that  the  excitation  altitude  range  began  as  a  very  narrow 
layer  but  grew  over  several  hundred  milliseconds  to  encompass  several  hundred  meters  (Figure  10).  A  new  observational 
technique  has  been  developed  more  recently  relying  on  an  incohcrent-scatrer  radar  chirped  frequency,44-4?  indicating  that  the 
HF- induced  plasma-line  signal  origtnases  at  a  height  several  kilometers  above  the  natural  plasma-line  height  at  the  pump 
fbeqoeirey,  These  results,  consistent  with  mote  steady- state  observations  of  Muldrew  and  Showen30  have  been  used  so 
rpt  for  tbe  exhtmoe  of  ionospheric  cavitocs,  and  will  be  discussed  below.  An  alternative  explanation  using  wave  ducting 
baa also  bees  proposed  by  Muldrew.31  Observation  el  limits  on  the  roie  of  Langmuir  cavitons  was  discussed  by  Sulzcr  et 
si.,52  in  particular  describing  detection  of  enhanced  plasma  line  bursts  occurring  regularly  with  a  quasi-period  of  20-50  ms. 
Sadi  regular  repea -able  features  in  space  ind  time  require  significant  additional  theoretical  and  experimental  work. 


4  mr-rocusiNG 

Large-scale  (kilometer- tire)  field-aligned  ionospheric  electron -density  irregularities  are  commonly  generated  during  HF 
ionospheric  modification  experiments.  These  large-scale  structures  are  believed  to  be  responsible  for  the  artificial  spread-F 
detected  by  Utixat  et  aL,33  with  subsequent  investigations  by  Uflaot  and  Violet*,34  Wright,33  and  Rufenach.34  Thome  and 
Feztini37  demonstrated  the  spatial  relationship  of  large-scale  irregularities  to  self-focussing  processes.  Complementary 
investigations  have  used  incoherent-scatter  radar  observations  to  map  the  density  irregularity  structure,34  while  more 
recently  incoherent- scatter  rate  results  have  been  combined  with  AE  satellite  observations,34  and  radio-star  scintillation 
■euaretnenn.40  Prom  these  studies  has  emerged  a  consistent  description  of  production  of  kilometer-scale  irregularities 
atnibarabic  an  thermal  sdf-fneusing  of  the  incident  HF  puum  radiation.  Supporting  theoretical  studies  have  been  conducted  by 
Perkins  and  Valeo,40  Cragin  and  Fejer,41  and  Perkins  and  Goldman.42  More  recently  computer  simulations  of  HF  pump  wave 
propagation  through  the  ionospheric  plasma  have  accurately  modelled  the  self-focusing  process.43  Thermal  self-focusing  of 
trie  pnmp  wave,  leading  to  beam  filamentation  and  density  rotation,  develops  on  time  scales  of  seconds  to  tens  of  seconds, 
bat  once  excited  can  persist  for  lens  of  minutes.  Pump  power  enhancement  by  self-focusing  has  been  suggested  u  an 
expfanation  of  tbe  pre-conditioning  phenomenon  report  by  Morales  et  aL44 

Incoherent  scatter  radar  studies  of  HF-induced  ionospheric  irregularities  rely  on  measurements  of  the  pump-enhanced 
plasma  waves  discussed  in  Section  3.  The  amplitude  of  the  enhanced  pUsmr  waves  directly  depends  upon  the  local  power  of 
«h*  paap  electric  field.  In  addition,  because  these  enhanced  waves  are  detected  at  only  one  altitude,  systematic  scanning  of 
te  renow  radar  team  across  the  HF  interaction  region  can  yield  a  cross-sectional  map  representative  of  tbe  local  electric- 
fid)  Intensity.  These  two-dimensicMl  mips  of  plasrus-line  intensity  clearly  show  focusing  of  the  incident  HF  beam  and  large- 
scale  structuring  of  the  illuminated  plasma.  Aa  the  radar  team  remain',  used,  ionospheric  winds  drift  the  large-scale 
stracturei  through  the  team.  Combinations  of  fixed  and  scanning  radar  measurements,  as  shown  in  Figure  11,  have  teen 
■red  to  determine  typical  rotation  scale  sizes  of  0.5- 1.3  km,  as  well  as  tit  monitor  tbe  background  drift  velocities.  Variations 
hi  the  height  of  the  enhanced  plasma  lines  also  have  teen  used  to  infer  associated  electron  density  variations  of  a  few  percent. 

The  influence  of  beam  self-focusing  and  large-scale  ionospheric  irregularities,  both  natural  and  HF-induced,  on  other 
instability  processes  has  teen  addressed  by  Muldrew  31  The  role  of  these  ionospheric  ducts  in  determining  the  interaction 
altitude  and  associated  enhanced  plasma-line  amplitude  appears  to  be  «a  important  consideration.  In  particular,  HF  ducting 
■ey  help  to  explsin  the  difference  in  observation  height  between  natural  photoelectron-enhanced  plasma  waves  and  HF- 
eahanced  waves  far  the  same  observing  frequency,  and  the  high  signal  amplitudes  detected  for  the  Arecibo  radar 
observational  geometry. 


1  IHCHtT -SCALE  IRREGULARITIES 

One  of  the  anesnected  effects  of  the  early  HF  ionospheric  modification  experiments  wtu  the  generation  of  intense  shori- 
acak  (metre-size)  field-aligned  density  striationi.43-47  A  number  cf  theoretical  models  have  since  been  proposed  to  explain 
their  development30-64-70  Despite  a  great  deal  of  experimental  information  on  there  aspect-sensitive  short-stain  satiations, 
the  responsible  excaation  mechaaism  has  not  yet  been  resolved. 

Experimental  studies  of  short-scale  Uriafion*  have  involved  the  measurement  of  HF,  VHF,  and  UHF  coherent  radar 
hackscanrr  bom  the  E-  and  F-regron  HF  interaction  volume.  These  echoes  are  highly  aspect  sensitive,  indicating  that  the 
scattering  structures  are  closely  aligned  to  the  magnetic  field.  Recent  studies  have  concentrated  on  measurements  of  tbe 
■nation  growth  and  decay  time  constants,  drift  velocity,  and  dependence  on  incident  HF  wave  power  and  polarization  (Figure 
12).  Growth  and  decay  time  contains  have  been  measured  to  be  of  the  coder  of  10  ms.71  The  sheet- scale  striations,  similar 
so  the  parametrically  enhanced  plasma  waves,  develop  only  for  O-mode  HF  polarization  and  only  when  the  pump  frequency  is 
less  than  tie  ionospheric  critical  frequency.  A  strong  correlation  exists  between  the  incident  ptm$  power  and  tie  short-scale 
satiation  scatter,  as  shown  in  Figure  13. 


Bckaov  et  al.67  working  with  scattering  from  nriitiooi  having  cross-sections  of  12  to  23  m  find  doe  coatanti  of  the 
order  of  10  I  sting  disturbing  transmitter  eyelet  of  7  min  on  tnd  8  mis  off  tnd  time  constants  of  seconds  when  the  tfcscabiag 
natsdner  it  cycled  1  min  on,  1  min  off  suggesting  an  ■accumulation"  effect  Colter73  reports  E-  tnd  F-rrgtoo  time  coman 
of  atiltijeccmds  and  seconds,  respectively,  foe  tettrering  from  3  m  diameter  strittiont  when  the  ionosphere  it  'p*e 
eondincced*  (Let.  accumulation  efixt  operating).  Cotter  calculates  dial  the  observed  time  constants  do  nos  agree  by  one  or 
aose  orders  of  etersitude  with  the  values  predicted  by  Grach  a  si.74  or  by  Du  and  Fejer30  for  an  inhtxnogeneom  medaa 
(horiaoaally  tanned  iococpfeere). 

The  nriation  drift  velocity  has  been  found  to  be  Independent  of  the  HF  radiated  power,  bat  well  correlated  with  Ae 
gBod  F-terkn  imivvtina  drift.73  A  cotnperiaon  of  ihort-scale  arittion  and  Urge-scale  irregularity  drift  velocities  during  a 
period  of  umultaneon  observations,  presented  la  Figure  14,  shows  reasonably  good  agreement  between  the  tarn 


fc  anMULATZD  ELXCTKO MAGNETIC  EMISSIONS 

hi  so  (he  me  of  incoherent  scatter  radars  to  study  the  excitation  of  pUsma  waves  in  the  ionosphere,  teeeai 

Undies  have  utilised  direct  observation  of  the  scattered  electromagnetic  signals  near  the  HF  pump  frequency.  These  signals 
accompany  the  instabilities  responsible  tar  the  enhanced  plasma  oacillaJooi  reported  by  radar  studies,  and  generally  ate 
described  n  stimulated  ekctromijnebc  etttissioos.  Observations  include  reports  of  drtectioo  of  signals  sssocilad  with  the 
pasMSric  decay  instability,  stimulated  Briliouin  backscancring.  and  possibly  ion  Bernstein  modes.76.77  Experimental 
Madia  of  Ail  process  continue,  wish  tecta  studies  reporting  on  harmoeic  sad  subharmonic  excitations.7* 


I  AOtGLOW 

High-power  elcctromignedc  wtvea  are  also  capable  of  generating  enhanced  nighttime  airglow  through  a  complex 
process,  beginning  with  KF  wave-patticle  interactions  new  the  reflection  height,  accelerating  electrons  into  a  suprathermsl 
(h  Jtribotioc,  transporting  these  energetic  electrons  down  geomagnetic  field  lines  out  of  the  heated  region,  ccllilional  excitation 
and  de-eacittriou’of  ambient  species  such  si  atomic  oxygen,  and  subsequent  airglow  radiation.  The  magnitude  of  the  effect 
depends  upon  the  amplitude,  frequency  and  polarization  of  the  incident  pump  waver.  Extraordinary  mode  eefarization  waves 
enflituuMlly  best  the  plasms  wiLhout  exciting  plasma  instabilities.  Correspondingly  this  increase  in  electron  temperance 
temporarily  reduces  the  rate  of  ambient  dissociative  recombination,  subsequently  reducing  the  natural  red  (630.0  em)  and 
|Stca  (357.7  am)  line  emissions.  High-power  ordinary  mode  pump  waves  excite  plasma  instabilities  near  the  reflection  height 
ha  rtaull  in  acceleration  of  thertml  electrons  to  energies  of  several  eV.  Collisions!  excitation  of  atomic  oxygen  then  retain 
in  tnbsnatial  tirglow  enhancements.  This  process  is  depicted  schematically  in  Figure  13.  Bosh  thermal  suppression  sad 
energetic  electron  enhancement  effects  have  been  reported  ia  previous  sir  glow  emission  studies.22-7*  More  recently, 
slgntfic sot  airgkrw  enhancements  have  been  used  to  image  the  HF  modification  region  using  a  charge-coupled  device  (CCD) 
camera.10-21  Additionally,  these  observations  have  been  associated  with  large-scale  ionospheric  plasma-density  cavities 
recently  detected  ia  incoherent-scatter  radar  studies  Trapping  and  focusing  of  electromagnetic  waves  in  these  cavities  is 
believed  a>  produce  lelstively  large  population  of  accelerated  etectroos.  Convection  of  plasma  cavities  across  geomagnetic 
field  tines  is  believed  to  cause  an  accompanying  refraction  of  the  HF  pomp  beam,  giving  rise  to  a  quasi-cyciic  process  of  cavity 
formation,  convection,  dissipation  and  reappearance.  Ibis  process  is  shown  in  630.0  out  airglow  images  in  Figure  16  The 
dynamic  nature  of  this  process  on  time  scales  of  ns  of  minutes  is  now  believed  to  represent  a  major  aotace  of  long-con 
variability  in  ionospheric  modification  experiments. 


S.  CAVITIES 

HF- induced  temperuure  fluctuations  and  density  profile  modifications  generally  are  observed  10  be  80  larger  than  t  few 
hsufrrd  Kelvin  tori  a  few  percent  An/n.  However,  under  special  HF  and  ionospheric  conditions  much  finger  modifications 
have  been  observed.  Large  density  cavities  have  been  measured  in  the  nighttime  F-rerion  ionosphere  with  density 
depletions  exceeding  30  per  cent,  extending  hundreds  of  kilometers  along  the  geomagnetic  field.12  These  cavities  arc 
AermuDy  driven,  with  electron  temperatures  in  the  depletions  increased  by  factors  of  3  to  4.  Examples  of  this  phenomenon 
are  shown  in  Figs.  17  and  11.  The  depletion  dynamics  exhibit  many  of  the  characteristics  associated  with  thermal  camera. 
Cavities  are  seen  so  develop  oa  time  acalea  of  minutes  and  to  decay  on  time  scales  of  tens  of  minutes.  Numerical  tnodeffing  of 
large- scale  ionospheric  cavities  has  contributed  to  an  improved  understanding  of  the  geometry  and  generation  conditions 
apraific  to  these  features.  As  described  above,  the  Urge- scale  cavities  also  are  observed  a  be  capable  of  entraining  the 
incident  HF  beam,  allowing  large  refraction  effects  and  substantial  spatial  displacements  of  the  beam,  as  detected  by  the 
airflow  observations.  These  measurements  thus  indicate  that  sufficiently  high-power  radio  beams  are  more  susceptible  ns 
large-scale  directional  errors  because  of  these  seif-nction  effects  sod  ionospheric  cavity  development 

Mam  et  aL4*  have  developed  a  sensitive  observing  technique  for  observing  irregularities  in  the  variation  of  the  chxtron 
density  with  bright,  the  technique  involves  varying  the  frequency  of  the  HF  wave  that  gtnerarei  plasms  tines,  te.,  Lanpanhr 
waves,  in  the  ionosphere  at  a  rate  that  matches  the  variation  with  height  of  the  plasma  is  observed  by  •  diagnostic  radar  (430 
MHz)  poise  traversing  the  medium.  The  frequency  of  the  plasma-line  receiver  of  the  radar  is  varied  at  the  same  rate.  Tbits  if 
the  rase  matches  the  height  variation  of  the  plasms  over  some  interval,  the  contributions  from  each  height  in  the  interval  will 
add  ap  giving  a  angle  fine  in  the  corpus.  Departures  of  the  height  variation  from  that  used  in  the  observing  technique  puabirr 
addmonal  components  so  the  narrow  tine  nsociated  arid  the  match. 

Having  observed  returns  that  have  the  additional  component,  they  conclude  by  eliminating  various  other  possible 
explanations  that  their  observations  tie  evidence  of  csviton  production  tnd  Langmuir  wave  tipping.  They  are  unable  so  give 
aiae  or  shape  information  since  the  diagnostic  baa  beam  width  of  the  order  of  a  kilometer  and  the  technique  averages  tkx^  the 
bOBBptdL 

Mum’s  results  are  given  an  alternate  interpretation  by  Fejer  in  a  paper  by  Salxrr  et  al.52  that  ties  Moldrew't  pre¬ 
existing  ducts31  along  the  field  tines. 
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%  ITKONG  LANGMUIR  TURBULENCE 

Uadoatatfiy  one  of  the  most  exciting  developments  in  ionospheric  modification  research  in  recent  years  has  been  the 
iamdactios  of  theoretical  modelling  and  observational  studies  of  strong  Uuigmuir  turbulence  (SLT).83  SLT  is  predicted  to 
occur  it  thresholds  only  marginally  shove  those  of  parametric  instabilities.  However,  the  SLT  approach  represents  a 
rimjfiant  departure  from  the  conventional  concepts  associated  with  parametric  instabilities  and  weak  turbulence  cascades, 
fas  pvticslar,  SLT  offers  new  opportunities  to  explain  experimental  results  apparently  inconsistent  with  established 
repci  models  relying  primarily  oa  weak  turbulence  theory. 

It  d*  strong  LanspBuir  tnrbnieaee  regime,  a  significant  part  of  the  excited  high-frequency  density  fluetuniont  is  expected 
m  take  the  farm  of  localised  earns,  called  cavimns,  consisting  of  a  hi  jh- frequency  Langmuir  field  trapped  in  a  self-consistent 

(feartty  depletion.  The  developed  turbulent  state  is  sustained  by  a  dynamic  cycle  of  nucleatioo,  collapse  and  burnout.  In  this 

■seen,  the  i"vii»»t  fields  are  trapped  in  self -consistently  evolving  density  wells  which  collapse  to  small  dimensions  as  the 
fwHmwr  posjdcrceDctfve  face  doouaases  the  linear  pressure  force.  At  scale  sines  of  5-10  election  Debye  lengths  the  trapped 
■In  mismir  energy  is  rapidly  dissipated  through  electron  acceleration.  This  electrostatic  taraout  leaves  an  empty  density 
cavity  which  then  evolves  at  a  free  ion  sound  pulse.  Subsequently,  the  residual  ioo  density  wells  provide  mid  cation  centers 
tor  the  excitation  of  new  collapsing  cavitons. 

Several  aspects  of  the  experimental  observations  have  been  used  to  suggest  that  SLT  effects  are  present.  The 
quernm  of  the  HF-enhsnoed  plasma  tines  show  broad  features  at  early  times  or  weak  powers  that  indicate  the  presence  of 
awtortow  processes  different  man  conventional  parametric  decay.  Tee  theoretically  modelled  dependence  of  excited  signal 
haearittet  with  oritnsarioa  to  the  geomagnetic  redd  predicted  that  enhancements  would  be  10*  larger  when  measured  along 
te  field,  bat  instead  hive  been  fberad  so  be  of  comparable  magnitude  in  Areeibo's  observations  at  an  angle  of  45*  and  E1SCAT 
with  as  angle  <  18*.  Furthermore,  the  HF-enhanctd  plasma  lines  are  measured  to  come  from  altitudes  1-2  km 
higher  natural  pbotoetoctroti-enhaoccd  plasma  lines,  and  occasionally  contain  a  "free  mode"  peak  above  the  HF  pump 

frequency  corresponding  to  the  free  Langmuir  wave  dispersion.  Weak  turbulence  theory  generally  evokes  the  influence  of 
■acroaoopBC  density  irregalaritiea  to  qualitatively  explain  some  of  these  eff-cts;  however,  the  growth  time  of  the  irregularities 
it  at  least  seven!  tens  of  milliseconds  and  cannot  completely  explain  the  described  observations,  particularly  at  very  early 

following  HF  turn-on. 

Several  of  these  observutocal  effects  are  explainable  in  toms  of  Langmuir  waves  localized  in  cavitons.**'**  However, 
gw  early  studies  often  oversimplified  soli  ton  dynamic  processes  such  as  burnout  accompanying  Langmuir  dissipation 
daoagh  Landau  damping.  The  residual  density  cavities  then  could  act  as  nuclei  nor,  centers  for  new  cycles  of  cavitoo  growth 
■ri  collapse.**-*7'**  Under  scene  conditions  it  has  been  speculated  that  spatial  correlations  of  cavitcn  fcnnatico  and  collapse 
■nr  develop.  Allowance  for  all  such  processes  is  necessary  to  adequately  study  the  longer-time  dynamics  of  collapsing 
canton  turbulence. 


ML  ULF  WAVES  GENERATED  BY  TWO  FREQUENCY  HEATING  OP  THE  IONOSPHERE 

Non- linear  mixing  of  two  HF  waves  separated  by  a  frequency  difference  of  a  Hen*  to  a  kilohertz  in  die  ionospheric 
plasma  near  the  bright  where  the  HF  marches  the  local  plasma  frequency  is  expected  to  produce  ULF  wives  that  may  be 
obaerred  oa  the  ground.*’'  Details  are  available  in  the  Proceedings  of  this  meeting.90 


1L  HE  INDUCED  SITUATIONS 

Frey  (private  communication)  has  observed  electron  density  profiles  continuously  over  Arecibo  while  the  HF  transmitter 
is  cycled  os  and  off.  Figure  19  shows  the  observations  of  density  in  shades  of  gray  (dark  it  high  density)  on  eoonfi.iates  of 
local  time  and  height  moning  linearly  from  70  to  500  km.  The  sudden  changes  with  HF  turn-oo  are  due  in  pan  from  increases 
a  electron  tanpcTBure  of  the  plasma  which  has  not  been  removed  from  the  data  in  the  figure.  The  figure  is  derived  from 
power  profiles  observed  by  the  diagnostic  radar  pointing  essentially  vertically  and  corrected  for  range.  The  itriatxxii  are 
obvious. 


tt.  THE  FUTURE 

Strang  Langmuir  turbulence  effects  have  been  demonstrated  to  contribute  to  the  variety  of  phenomena  and  nonlinear 
inarrartvni  excited  daring  high-power  HF  ionospheric  modification  experiments.  Continuing  investigations,  both  theoretical 
and  experimental,  will  determine  the  spttiil  and  temporal  scales  over  which  SLT  effects  are  dominant  in  comparison  to  weak 
hahnienoe  theory.  Regardless  of  the  outcome  of  these  studies,  the  SLT  work  to  date  has  conclusively  demonstrated  the 
vitality  and  richness  of  basic  physics  research  ongoing  is  ionospheric  modification  investigations  today.  The  ionosphere  and 
■re-Beth  apace  environment  will  continue  to  serve  as  an  exceptional  plasma  laboratory-without-reills. 
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Fig.  2— D- region  collision  frequency  and  electron 
density  profiles  as  measured  by  the  cross-modula¬ 
tion  technique 


Fig.  1— Geometry  of  the  Luxembourg  effect  as  described  by 


Fig.  5— Companion  of  the  calculated  and  the  observed  artificially  enhanced  electron  temperatures  at  Areribo  on  October 

10, 1971 


Fig.  4— Attenuation  of  signal  strength  resulting 
from  HF  ionospheric  heating 
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FJg.  5—  First  observations  of  HF-enhancrd  plismi  waves*' 


MMtACSMCMT  FROM  U#-fHF 

F%.  7-HF-enhaaced  plasma  wave  spectrum  as  measured  with 
Araribo'i  430  MHz  radar* 
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DISCUSSION 


R.  SHOWEN,  US 

In  your  Figure  showing  a  depletion  of  n  near  tho  height  of  HF  wav*  reflection,  what 
fraction  of  tha  affect  ia  due  to  a  density  drop,  and  what  fraction  to  an  incraaaa  in 

V 

AUTHOR'S  REPLY 

Tha  iasua  ia  wall  takan  that,  bacauaa  of  tha  taaparatura  dapendanca  of  tha  alactron 
acattaring  cross -sect ion,  an  increase  in  alactron  taaparatura  or  a  dacraaaa  in 
alactron  density  can  produce  a  reduction  in  tha  radar  backacattared  power. 
Separation  of  thare  two  affects  can  be  aada  using  a  variety  of  approaches,  tha 
simplest  relying  on  tha  relatively  fast  tesperatura  response  at  HF  turn-ons  and  turn¬ 
offs  compared  to  tha  alactron  density  changes.  These  astisatos  are  supported  by 
direct  Ta  measurements,  at  substantially  reduced  range  resolution,  and  n  estimates 
baaed  upon  tha  change  in  height  of  the  HF-enhanced  ion  line.  Our  bast  estimates  for 
n/n,  even  several ' minutes  after  HF-off  so  that  Ta  ia  not  a  significant  factor,  are 
that  typically  An/n  £  SOt. 

N.  CORDON,  US 

In  view  of  your  remarks  about  funding  of  institutions  in  USSR,  du  you  think  that 
Lebedev  and/or  IZMIRAN  are  threatened? 

AUTHOR'S  REPLY 

Just  as  in  tha  Nest,  during  times  of  constricting  national  budgets  tha  funding  for 
science  in  the  Soviet  Onion  will  become  tighter.  I  do  not  believe  this  immediately 
threatens  the  institutes  involved  in  ionospheric  modification  research,  in  large  part 
because  of  tha  kinds  of  potential  applications  that  we  are  discussing  at  this 
symposium.  However  the  pace  of  research,  and  particularly  tha  development  of  new 
experimental  facilities,  certainly  will  be  affected.  If  anything,  these  economic 
changes  place  an  even  greater  emphasis  on  cooperative  research  with  the  Nest. 
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IONOSPHERIC  MODIFICATION  RESEARCH  AT  HIPAS 

Richard*?!.  Brandt 
Office  of  Naval  Rosearch 
800  N.  Quincy  Street 
Arington,  VA  22217 
U.SA 


SUMMARY 

The  HIPAS  Ionospheric  heating  facility  radiates  a  total  power  of  1.2  MW  with  an  ERP  of  84  MW.  It 
presently  opwates  at  an  HF  frequency  of  2.85  MHz  but  Is  tunable  to  about  5  MHz.  Electrojet 
modulation  experiments  have  been  conducted  at  frequencies  from  5  Hz  to  5  kHz.  The  magnetic  field 
amplitudes,  measured  dose  to  the  heater,  can  be  1  pT  or  larger  under  very  strong  electrojet  conditions. 
Even  under  much  weaker  conditions  when  the  amplitudes  are  highly  variable,  the  phase  of  the  ELF 
signal  is  relatively  stable.  The  efficiency  of  converting  HF  to  ELF  is  presently  too  low  for  a  practical 
communicaton  system.  Beam  painting  has  been  proposed  as  a  method  for  improving  the  conversion 
efficiency  in  D  region  healing  by  causing  a  much  larger  area  of  the  ionosphere  to  radiate  coherently; 
this  concept  win  be  tested  using  microsecond  beam  steering.  Use  of  shorter  heating  pulses  (lower  duty 
cycle)  already  seems  premising.  Even  larger  gains  are  expected  for  E  region  heating  as  compared  to  D 
region  heating. 

PREFACE 

This  review  of  ionospheric  modification  research  at  HIPAS  starts  with  a  brief  description  of  the  facility 
which  began  operating  at  the  megawatt  average  power  level  in  1986.  The  research  conducted  at 
HIPAS  since  that  time  is  described.  This  resoarch  has  focused  on  the  generation  of  ELF  radiation.  The 
review  concludes  with  an  indication  ol  luture  research  directions. 


1.  THE  HIPAS  FACILITY 

The  HIPAS  ionospheric  heater  is  located  in  the  aurora!  zone  40  km  east  of  Fairbanks,  Alaska.  The 
acronym  HIPAS  stands  for  High  Power  Auroral  Stimulation.  It  was  originally  conceived  as  a  high  pufea 
power  heater,  rather  than  high  average  power,  because  of  the  recognition  that  many  plasma 
nontinearities  are  excited  by  largo  instantaneous  electric  fields  (Wong  and  Santoru,  1981].  When 
HIPAS  became  operational  in  detober  1 931 ,  it  dsliverod  1  ms  HF  pulses  with  a  peak  power  of  2  MW  at 
a  pulse  repetition  rate  or  1  Hz.  The  average  power,  therefore,  was  only  2  kW,  and  the  antenna  gain  was 
17.7  dB  at  a  radiating  frequency  of  4.905  MHz.  Thus  facility  was  initially  used  for  probing  short-term 
nonlinear  plasma  phenomena,  especially  enhancement  of  the  incident  electric  fields  at  the  resonant 
altitude  and  creation  of  electromagnetic  cavitons  via  ponderomotive  forces.  These  envitons  are 
localized  depletions  in  electron  density  with  scale  sizes  from  1  to  1 00  m. 

In  1982  several  events  occurred  which  altered  the  original  research  plan.  First  In  March  1982  the 
incoherent  scatter  radar  at  Chatanika  was  moved  to  Greenland.  Much  of  the  detailed  work  on  caviton 
structure  and  dynamics  wets  subsequently  carried  out  at  the  Arecibo  facility  with  its  excellent  incoherent 
scatter  radar,  second,  in  late  1982  the  HF  transmitters  l.om  the  '  'ntteville  heater  became  available, 
and  a  decision  was  marie  to  incorporate  these  transmitters  in  the  HIPAS  facility,  transforming  it  into  a 
high  average  power  heating  facility. 

Eight  of  tha  Platteville  transmitters  are  now  operating  at  HIPAS,  ead  connected  to  an  individual 
element  in  tha  transmitting  antenna  array  (Wong  et  al,  1990].  This  modular  design  allows  the  phase  of 
the  high  power  radiation  emitted  by  each  element  in  the  array  to  be  controlled  at  the  low-level  input  to 
each  transmitter  and  thus  perm, its  rapid  oeam  steering  and  related  modulation  techniques.  Eacn 
transmitter  is  normally  operated  continuously  at  100  to  150  kW,  although  the  maximum  rating  is  200 
kW.  Insteac  of  relying  on  commercial  prime  power,  two  megawatt  diesel  electric  generators  were 
installed  at  HIPAS  so  that  operational  costs  ‘would  be  minimized. 

The  antenna  consists  of  a  circular  (208  m  diameter)  array  of  seven  crossed  half-wave  dipoles 
approximately  one  quarter  of  a  wavelength  above  the  ground  plus  one  similar  crossed  dipole  in  the 
center.  Although  the  antenna  elements  were  designed  to  be  resonant  at  4.905  MHz,  a  novel  scheme 
was  developed  [2]  for  retuning  the  antenna  t  •  lower  frequencies  by  making  use  of  a  pair  of  wires 
attached  to  the  end  of  each  dipole  elemert;  the  angle  between  these  two  wires  and  the  angle  these 
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wires  make  with  the  ground  determine  the  new  resonant  frequency.  Using  this  technique,  the  array  has 
been  successfully  retuned  and  operated  at  the  additional  frequencies  of  4.503, 3.349  and  2.805  MHz. 
The  antenna  gain  remains  essentially  constant  at  about  18  da.  At  2.85  MHz  the  calculated  effective 
radiated  power  (ERP)  is  84  MW  at  a  total  radiated  power  erf  1 .2  MW. 

With  the  upgrade  of  HIPAS  to  the  megawatt  average  power  level,  the  research  directions  changed. 
These  new  research  activities  capitalized  on  the  existing  diagnostic  capabilities  which  included 
ionosondes,  an  HF  imaging  radar,  magnetometer  chain  data,  riometer  data,  and  ELF  receivers.  More 
recently,  a  50  MHz  coherent  radar  has  become  operational.  In  addition,  satellite  receivers  and 
beacons  have  been  utilized  at  various  times.  The  initial  scientific  studies  were  concerned  with  optimal 
approaches  for  coupling  energy  into  the  ionospheric  plasma  [Wong  et  ai,  1989],  Beginning  in  1987  the 
research  has  focused  on  the  subject  of  generation  of  ELF  radiation  in  the  ionosphere  by  modulation  of 
the  powerful  electrojet  current  flowing  in  the  auroral  region. 

Z  ELF/VLF  GENERATION 

The  ELF  generation  experiments  at  HIPAS  began  in  1987.  This  team  effort  involved  A.  Ferraro 
(Pennsylvania  State  University),  A.  Wong  (University  of  California,  Los  Angelas),  D.  Papadopoutos 
(Science  Applkx"'ons  International  Corporation).  J.  Olson  (University  of  Alaska)  and  coworkers.  In 
these  experiments  the  ELF  receivers  were  located  about  53  km  west  of  HIPAS.  The  receivers  used 
standard  coherent  detection  techniques,  and  the  heater  ard  the  receivers  were  synchronized  using 
separate  frequency  standards.  Most  of  the  measurements  were  made  at  modulation  frequencies 
between  1  and  5  kHz  where  the  detection  sensitivity  was  best  The  heater  was  almost  always 
amplitude  modulated  with  ICO  percent  modulation  depth. 

These  experiments  continued  through  1989  during  which  time  progressively  more  sophisticated 
beam  steering  capability  was  implemented.  Initially,  the  heater  Deam  could  be  steerod  by  manually 
adjusting  the  eight  phaseshiftsrs  in  the  lines  leading  to  the  individual  antenna  elements,  in  1983 
electronic  phaseshifters  were  introduced  and  placed  under  computer  control,  and  a  beamforming  time 
of  1 0  ms  was  achieved.  In  1 989  thi3  capability  was  upgraded  to  provide  1 5  ms  beamforming  time. 

The  initial  experiments  (Ferraro  et  af,  1989]  served  to  demonstrate  the  ability  to  generate  ELF  and 
confirm  earlier  results  obtained  by  the  Tromso  group.  As  an  illustration,  Figure  1  shows  data  obtained 
at  a  modulation  rate  of  2.5  kHz  during  a  strong  efectrojst  event  which  occurred  overhead  of  the  HIPAS 
facility  as  indicated  by  magnetometer  data  We  see  that  the  amplitude  and  phase  of  the  ELF  signal 
remain  constant  during  the  2-minute  period  of  modulation,  after  which  the  amplitude  falls  to  zero  and 
the  phase  becomes  random.  The  magnetic  signal  strength  is  0.6  pT.  Even  when  the  eiectrojet  is 
veryweak  and  the  amplitude  of  the  ELF  signal  ts  small  and  highly  variable,  the  phase  remains 
remarkably  constant  as  illustrated  in  Figure  2. 

This  phase  stability  of  the  ELF  signal  suggests  that  phaseshift  keying  might  be  a  viable  signal 
modulation  technique  for  an  ELF  communication  system  based  on  ionospheric  generation.  To  explore 
this  hypothesis,  several  phase  shifting  experiments  were  performed.  The  tests  performed  in  1987  were 
relatively  simple,  consisting  of  periodically  changing  the  phase  of  the  ELF  signal  by  180  degrees.  Some 
of  these  data  (5)  are  illustrated  in  Figure  3  anu  indicate  a  very  stable  phase  tor  periods  of  0.5  minute. 
Following  these  initial  biphase  stability  tests,  various  quadphase  tests  were  conducted  in  1989  in  which 
the  phase  was  periodically  switched  from  180  to  90  to  0  to  -90  to  -1 80  degrees.  Representative  data  [5] 
are  shown  in  Figure  4  and  again  indicate  phase  stability  lor  periods  of  0.5  minute.  All  these 
measurements  were  made  at  the  receiving  site  50  km  from  HIPAS  and  at  a  frequency  ot  2.5  l.Hz.  In 
1989  several  attempts  were  made  to  rece.ve  data  using  a  mobile  receding  station  located  at  more 
remote  sites  in  Alaska.  Data  obtained  from  Cantwell,  Alaska,  about  21 0  km  from  HIPAS  [5]  are  shown 
in  Figure  5.  Switching  between  the  various  phase  states  is  dearly  evident,  although  the  transitions 
between  these  states  are  less  sharp. 

Other  experiments  were  performed  to  determine  whether  these  ELF  signals  couid  be  generated  at 
less  than  fufl  power  levels.  Some  of  these  data  [5]  are  shown  in  Figure  6.  The  curious  spines  in  the  data 
were  caused  by  a  local  thunderstorm.  In  this  experiment  the  modulation  frequency  was  2.5  kHz,  and 
the  total  radiated  power  was  varied  from  a  maximum  of  800  kW  to  a  minimum  oi  80  kW.  At  maximum 
power  the  measured  magnetic  field  amplitude  was  less  than  0.1  pT  which  indicates  that  there  was  no 
strong  overhead  electrojst.  Nonetheless,  ELF  signals  were  generated  at  ail  HF  transmitter  power 
levels  including  at  80  kw  when  the  measured  magnetic  field  amplitude  was  less  than  0.02  pT.  There  is 
some  indication  that  the  effect  is  beginning  to  saturate  at  the  higher  power  levels,  suggesting  that  there 
woutd  be  little  advantage  in  using  a  neater  with  an  even  higher  fcRP. 
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3.  BEAM  PA1NT1NGA0W  DUTY  CYCLE  HEATING 


Tho  experimental  results  described  above  dearly  demonstrate  the  ability  to  generate  ELF  signals 
under  a  variety  of  ionospheric  conditions.  Although  the  amplitude  of  these  signals  may  be  variable,  the 
phase  is  reasonably  stable.  Tho  efficiency  of  the  generation  process,  however,  is  quite  low.  The  total 
radiated  HF  power  is  approximately  1  MW.  Except  under  Strang  electrojet  conditions,  the  ELF  power  is 
vary  modest  When  there  is  no  strong  electrojet  directly  ovorhead,  the  ELF  power  Is  no  more  than  10 
mW,  corresponding  to  a  conversion  efficiency  of  1 0'8.  This  ELF  power  is  calculated  from  the  measured 
near-field  amplitudes  using  a  far-field  formula  for  dipole  radiation  In  free  space. 

Papadopoutos  and  coworkers  (Papadopoulos  et  al,  1 930]  have  developed  a  theory  which  suggests 
an  approach  for  achieving  dramatic  improvements  in  HF-to-ELF  conversion  efficiency,  namely,  beam 
painting.  For  low  altitude  heating  they  conclude  that  the  ERP  ot  the  current  HIPAS  heater  Is  sufficient  to 
achieve  the  full  saturated  value  of  Hail  conductivity  modulation.  Any  further  increase  In  power  density 
would  be  wasted.  Papadopoutos  et  al  [6]  conclude  that  the  onty  way  to  achieve  an  Increase  in 
conversion  efficiency  In  low  altitude  heating  Is  to  causa  a  much  larger  area  of  the  Ionosphere  to  radiate 
coherently.  The  predicted  ELF  power  is  then  proportional  to  the  square  of  the  radiating  area,  in 
principle,  this  can  be  accomplished  by  beam  painting,  that  is,  using  the  present  beam  spot  size  but 
rapidly  steering  the  beam  such  that  many  different  spots  are  heated  and  not  allowed  to  cool  off  before 
they  radiate.  At  75  km  a'titude  the  time  required  to  Increase  the  electron  temperature  by  a  factor  of  2  (a 
sufficient  increase  to  produce  most  of  the  conductivity  change)  is  typicalty  about  1 0  ms;  this  heating 
time  decreases  somewhat  at  higher  power  densities.  At  the  same  aK'uce  the  cooling  time  is  of  the 
order  of  100  ms,  at  least  for  temperatures  below  2000  K.  The  concept  of  boom  painting,  therefore, 
requires  dial  many  spots  ba  visited  and  that  the  temperature  rise  produced  during  each  visit  is  not 
dissipated  before  that  same  spot  is  revisited.  The  total  time  available  for  healing  ts  a  half  cycle  of  the 
ELF  modulation  or  about  5  ms.  During  that  time  the  temperature  of  each  spot  must  be  Increased,  in 
commutative  fashion,  by  at  least  a  factor  of  2. 


Papadopoulos  and  coworkers  [6]  have  also  analyzed  the  case  of  heating  at  100  km,  the  altitude  at 
which  the  etedrejet  flews.  Hero  the  situation  is  mere  complex.  At  these  altitudes  the  Pederson 
conductivity  modulation  dominates  over  the  Hall  conductivity  modulation  and  does  not  saturate  unfit 
power  densities  of  at  least  10  m\V/m2  are  reached,  a  factor  of  10  higher  than  that  available  at  HIPAS. 
When  saturation  occurs,  the  predicted  increase  In  conductivity  modulation  is  by  a  factor  of  100  which 
leads  to  an  increase  In  the  efficiency  of  ELF  generation  by  a  factor  of  104.  This  increase  would  be 
obtained  without  beam  painting.  The  practical  difficulty  in  realizing  the  high  altitude  scheme,  especially 

under  day  time  conditions,  is  the  fact  that  self  absorption  at  lower  heights  could  deplete  the  power 
density  before  reaching  the  htoher  altitudes.  Another  potential  disadvantage  of  high  altitude  heating  is 
that  the  coupfing  of  the  ELF  fields  into  the  earth-ionosphere  waveguide  may  be  more  inefficient. 
Nonetheless  the  potential  gain  in  generation  efficiency  by  a  factor  of  10*  Is  a  significant  prize  worth 
pursuing,  and  several  schemes  for  defeating  the  self  absorption  problem  have  been  suggested. 
However,  none  of  these  ideas  for  increasing  the  efficiency  of  high  altitude  generation  of  ELF  has  yet 
been  tested  experimentally. 


The  recent  HIPAS  experiments  were  designed  to  maximize  the  heating  In  the  low  altitude  regime 
because  cf  the  choice  of  operating  frequency  (2.85  MHz  which  is  near  the  second  harmonic  of  the 
electron  cyclotron  frequency)  and  the  use  of  x  mode  polarization  (same  sense  of  rotation  as  the 
electron  cyclotron  motion).  An  initial  effort  was  made  to  demonstrate  that  beam  painting  could  produce 
an  efficiency  enhancement  in  generation  of  ELF  at  low  altitudes.  At  present  the  beam  forming  time  at 
HIPAS  ■&  15  ms.  Each  spot  must  be  heated  almost  10  ms  during  each  visit.  Therefore,  in  order  to  heat 
10  spots,  for  example,  about  250  ms  is  required  which  is  longer  than  the  cooling  time  of  each  spot  This 
simple  arithmetic  dearly  illustrates  that  1  significantty  faster  beam  forming  time  is  required  before  an 
efficiency  enhancement  can  be  demonstrated.  The  initial  tests  at  HIPAS,  therefore,  aid  not  yield  an 
effie-ency  enhancement  but  the  dependence  of  generated  signal  strength  on  beam  painting 
parameters  was  in  accordance  with  theory. 

Other  experiments  were  performed  Papadopoulos  and  Ferraro,  19891  which  directly  relate  to  the 
beam  painting  concept  A  series  of  measurements  were  made  in  which  the  duty  cyde  of  the  ELF 
modulation  of  the  HF  waves  was  varied.  The  ELF  modulation  frequency  was  833  Hz,  and  the  duty 
cycles  selected  were  50  percent  (600  ms  on,  600  ms  off),  37.5  percent  (450  ms  on,  750  ms  off),  25 
percent  (300  ms  on,  900  ms  off),  1 2.5  percent  (1 50  ms  on,  1 050  ms  off),  6.25  percent  (75  ms  on,  1 125 
ms  off).  2.5  percent  (30  ms  on,  1170  ms  off),  and  1.25  percent  (15  ms  on,  1185  ms  off).  The  amplitudes 
of  the  generated  ELF  signals  were  measured  for  all  duty  cycles,  and  the  data  are  shown  in  Figure  7. 

The  error  bars  represe,  ,t  the  scatter  in  the  results  for  repeated  measurements.  The  results  deariy 
show  that  the  same  ELF  signal  strengths  are  generated  at  25  percent  duty  cyde  as  at  50  percent  duty 
cyde.  Below  25  percent  duty  cyde  the  amplitudes  fall  off  approximately  linearly.  The  conclusion  is  that 
toe  effidency  of  generating  magnetic  field  signals  can  be  increased  by  a  factor  of  2  and  thus  the 
efficiency  of  generating  ELF  power  can  be  increased  by  a  factor  of  4  merely  by  decreasing  the  duty 
cyde  from  50  percent  to  25  percent,  that  is,  by  redudng  toe  average  HF  power  by  a  factor  of  2.  For  this 
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single  spot  only  about  the  first  300  ms  of  toe  heating  pulse  Is  effective;  the  rest  Is  wasted.  Pulses 
shorter  own  300  ms  do  not  saturate  the  conductivity  modulation  although  they  do  produce  a 
measurable  effect  The  time  between  heating  pulses  is  longer  than  the  cooling  time,  and  thus  energy 
cannot  be  accumulated 

4.  ULF/ELF  GENERATION 

ELF  generation  was  also  Investigated  in  the  frequency  range  below  100  Hz  [McCarrfck  eta),  1990]. 

In  toese  experiments  it  was  initially  not  pcssliSe  to  use  full  amplitude  modulation  as  in  the  higher 
frequency  experiments  because  of  various  transmitter  system  resonances.  Instead,  an  alternate 
procedure  was  developed  known  as  beam-dcphasing  modulation.  In  this  procedure  all  eight 
transmitters  were  operated  continuously,  while  the  phase  of  four  of  these  transmitters  was  switched  In 
a  squfce-wave  fashion  between  0  and  1 80  degress  with  respect  to  the  phase  of  the  other  transmitters. 
In  mis  w®y  the  beam  'was  sftssmatsfy  focused  and  dsfocusso  at  the  desired  modulation  rale.  When  the 
beam  is  defocussd,  there  still  is  soma  residual  heating  of  file  ionosphare,  both  overhead  and  in  the 
sidelobes,  and  tous  tha  effective  modulation  depth  is  less  than  in  100-percont  amplitude  modulation.  It 
was  calculated  T«it  tha  power  density  In  the  man  lobe  Is  reduced  by  more  than  75  percent  during  the 
out-of-phase  half  period. 

The  receiver  used  in  these  experiments  Is  located  at  tha  NOAA  Gilmore  Creek  Facility,  35  km  from 
HIPAS.  The  syst  em  was  developed  by  D.  Sarttman  for  the  purpose  of  studying  tha  natural  Schumann 
resonances  of  the  earth-ionosphere  waveguide.  The  receiver  consists  of  a  pair  of  orthogonal  magnetic 
ooHs,  a  vertical  electric  field  sensor,  associated  amplifiers  end  signal  conditioning  electronics,  and  a 
dedicated  data  acou&’fion  end  storage  system.  To  reduce  tha  sensitivity  to  60  Hz  background 
radtation,  a  tow-para  filter  is  placed  between  the  coils  and  the  amplifiers.  The  attenuation  to  4.4  <J9  at  76 
Hz  and  becomes  very  'ige  sbo«  1 00  Hz.  The  data  obtained  at  this  site  are  transmitted  in  real  time  to 
the  HIPAS  control  room  where  they  are  displayed  together  with  environmental  data  from  tha 
lonosondas,  the  magnetometer  chain,  and,  more  recently,  from  tha  coherent  radars. 

Using  the  dephaslng  modulation  technique  end  the  receiving  system  Just  described,  experiments 
were  performed  at  toe  frequencies  of  5, 1 1 , 21 , 23, 41 ,  and  76  Hz.  In  Figure  8  is  shown  a  typical 
background  notoe  sooctoim  obtained  from  a  4-minute  incoherent  average  of  toe  east-west  coil  output 
(81.  The  first  three  Schumann  resonance  peaks  at  7.5, 14  and  21  Hz  are  well  defined.  In  order  to 

observe  the  generated  ELF  signals  which  are  often  weaker  than  the  natural  atmospheric  noise 
background,  coherent  detection  teshnicues  were  used,  including  conventional  lock-in  amplifiers  and 
(figteu  signal  p.oces$ing  routines.  A  typical  coherent  ELF  spectrum  from  the  east-west  coll  [8]  is  shown 
In  Figure  9.  Here  wa  soe  toe  1 1  Hz  s&na!  generated  by  HiPAS  as  well  as  the  third  harmonic  of  this 
signal  at  33  Hz.  A  4-mlnute  averaging  period  was  used.  Similar  quality  data  were  obtained  from  the 
north-south  magnetic  sensor  as  well  as  the  vertical  electric  field  sensor.  Note  that  the  measured 
magnetic  field  strength  at  11  Hz  to  in  excess  of  1  pT. 

These  experiments  were  performed  under  a  variety  of  ionospheric  conditions  in  order  to  correlate 
file  strength  of  toe  observed  signals  with  measures  of  geomagnetic  activity.  Basically,  whenever  toe 
magnetic  activity  Is  high  enough,  as  determined  by  the  Kp  index  or  by  magnetometer  chain  data,  large 
ELF  signals  can  be  gsnsratsd.  In  terms  of  Kp  index,  which  is  an  indication  of  how  far  south  in 
geomagnetic  latitude  toe  auroral  oval  has  expandad,  It  wes  found  that  signals  in  excess  of  t  pT  could 
be  generated  whenever  toe  Kp  index  exceeded  3.  Similarly,  ELF  signal  strength  correlates  strongly  with 
strength  of  toe  eleetrojst  as  determined  from  magnetometer  chain  data.  Figure  1 0  shows  data  for  toe 
north-south  magnetometer  at  College,  Alaska  during  a  time  period  corresponding  to  an  ELF  generation 
experiment  [8].  Data  from  a  single  ground-based  magnetometer  are  somewhat  difficult  to  interpret 
since  the  ionospheric  currents  move  in  geographic  location  as  well  as  increase  and  decrease  in 
ampStude  throughout  toe  day.  However,  in  Figure  1 1  we  see  the  measured  ELF  amplitudes  during  the 
same  time  period.  Both  signals  begin  at  high  levels  and  then  fall  to  minimum  values  at  0700  UT, 
followed  by  a  significant  rise.  Finally,  as  the  magnetometer  output  decreases  and  then  changes  sign 
corresponding  to  a  reversal  of  eloctrojet  current  direction,  there  is  a  decrease  and  then  a  very  rapid 
increase  in  ELF  amplitude.  At  toe  same  time  as  this  current  reversal  is  occurring,  the  otherwise  steady 
phase  of  the  ELF  signal  experiences  a  discontinuous  phase  shift 

Other  favorable  situations  for  ELF  generation  Include  the  occurrence  of  visible  aurora  and  toe 
existence  of  a  sporadic  E  layer  as  determined  by  ionosondes.  An  unfavorable  time  for  ELF  generation 
is  under  high  absorption  conditions,  as  indicated  by  riometer  readings.  Such  high  absorption  conditions 
are  caused  by  high-eneray  proton  and  electron  precipitation  during  major  solar  events.  Under  these 
conditions  most  of  toe  HF  power  appears  to  be  absorbed  at  a  very  low  attitude  and  cannot  effectively 
modulate  toe  conductivity  where  ionospheric  currents  are  flowing. 
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These  measurements  prove  that  the  be  am -dephasing  modulation  technique  works  successfully,  but  ! 

with  an  effective  modulation  depth  of  less  than  100  percent  Very  recently  [Wong  et  a),  1090]  it  has  i 

been  demonstrated  that  the  transmitters  can  be  amplitude  modulated  at  frequencies  down  to  50  Hz  by 
Increasing  the  filter  capacitance  in  the  rtyii  voltage  power  supplies.  At  the  present  time  four  of  the  eigrff 
transmitters  have  been  so  modified.  Initial  tests  have  been  performed  to  compare  the  performance  of 
amplitude  modulation  with  dephasing  modulation  at  76  Hz.  The  resultant  electric  field  signal 
amplitudes  are  shown  in  Figure  1 2.  In  all  cases  the  total  radiated  power  was  kept  constant  at  400  kW. 

The  data  labeled  8DM  Indicates  that  all  eight  transmitters  were  operated  at  the  50  kW  level  and 
modulated  by  dephasing.  The  label  4DM  denotes  that  four  transmitters  ware  modulated  by  dephasing, 
each  operated  at  the  100  kW  level.  When  four  transmitters  were  full  amplitude  modulated  and 
operated  at  the  100  kW  level,  the  resultant  signal  amplitudes  are  labeled  4AM.  Comparing  the  4AM 
results  with  the  4DM  results,  we  see  that  the  4AM  amplitudes  are  larger  than  the  4DM  amplitudes  by  a 
(actor  of  more  than  3,  corresponding  to  an  Increase  in  ELF  power  by  at  least  a  factor  of  1 0.  This 
increase  is  achieved  at  the  same  total  radiated  power  and  the  same  ERP,  The  only  change  is  an 
improvement  In  effective  modulation  depth.  In  the  8DM  case  the  ERP  is  much  higher  ana  even  larger 
■mpfltudes  are  obtained,  Indicating  that  the  conductivity  modulation  effect  is  not  saturated  at  the  tower 
power  density.  It  is  anticipated  that  similar  gains  can  be  realized  when  ail  eight  transmitters  are 
converted  to  full  amplitude  modulation. 

5.  FUTURE  RESEARCH  DIRECTIONS 

Additional  ELF  generation  experiments  win  be  performed  at  HIPAS  later  this  year  'n  order  to 
investigate  more  fully  various  approaches  for  enhancing  the  HF-to-ELF  conversion  efficiency.  The 
beam  steering  capability  will  bo  r:-"r-rf:d  to  a  2  ms  beam  forming  time,  allowing  more  definitive  tests  of 
Vw  beam  painting  concept  Other  experiments  will  evaluate  the  use  oi  short  pulses  (low  duty  eyrie 
heating)  to  Improve  efficiency.  All  tchsmittors  v.'ill  ba  modified  to  alio,';  full  amplitude  modulation  down 
to  50  Hz.  The  receivers  will  bo  optimized  for  detection  in  the  75  to  ISO  Hz  range ,  and  measurements 
*■  be  made  at  distances  of  hurcrcds  of  kilometers  from  the  heater  using  a  mobile  receiving  station.  It 
is  antfcoated  that  a  single  HF  heating  frequency  will  be  used,  chcscn  to  maximize  absorption  in  the  D 
region,  although  dual  frequency  operation  would  permit  exploration  of  some  of  the  concepts  for 
Improved  efficiency  via  E  region  heating.  Tho  measured  ELF  amplitudes  will  be  correlated  with  real¬ 
time  environmental  data  from  ionosonces,  the  riometer  and  magnetometer  chain,  plus  data  from  50- 
MHz  coherent  radars  operating  near  Anchcraoo  and  at  HIPAS.  The  undarstandina  oained  from  these 
new  measurements  and  their  Interpretation  will  be  valuable  in  future  research  planning  and  in  the 
design  of  new  facilities. 
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It  Magnitude  and  phase  ot  atrong  1.5  kBi  signal 


2:  Magnitude  and  phase  of  veak  2.5  kBi  signal. 
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o.  nan,  us 

When  you  Mtn  ground-beeed  measureeenta ,  say  at  ELP,  were  there  any  phase  delay 
■aaauraoanta  to  determine  that  tha  aourea  was  in  the  ionoaphara? 

author's  reply 

Phase  height  measurements  vara  Bade  by  Sonata  by  and  Ferraro  of  Penn  State  during  a 
campaign  at  HIPAS  in  duly  1981.  These  aaaauraaanta,  made  at  a  heater  aodulation 
frequency  of  S  kHi,  indicate  that  the  aourea  vaa  located  at  a  height  of  70  lea  in  the 
ionosphere. 

W.  ABMSTROX8,  US 

•hat  fraction  of  ties  (in  tana  of  percent)  la  the  electrojet  conveniently  located  for 
Sir  experlaenta? 

author's  mu 

Although  the  data  are  available  to  answer  this  question,  in  tha  fora  of  aagnetoaetar 
chain  records,  these  data  have  not  been  systematically  analysed  for  the  region  near 
Fairbanks,  Alaska.  During  good  periods,  auch  as  Septeaber  1989,  for  exaaple,  the 
electrojet  vaa  essentially  overhead  about  SO  percent  of  each  day.  During  solar 
ainiaua  conditions  and  during  summer  aontha,  on  tha  other  hand,  the  electro jet  ia 
accessible  leas  than  lot  of  tha  tiae. 

X.  FT CROFT,  UK 

The  correlation  between  ELF  (11  Hr)  signal  strength  radiated  by  the  electrojet 
(Figure  11)  and  tha  change  in  the  H-componant  of  a  ground-based  aagnetoaetar  (Figure 
10)  relies  on  tha  baseline  (aero  aagnetic  amplitude  in  Figure  10)  chosen.  How  waa 
this  baseline  data  reined? 

AUTHOR'S  REPLY 

The  aero  level  was  set  by  comparison  with  earlier,  quiet  traces. 

«.  oordos,  us 

Antenna  gain  has  been  overeat  lasted  by  S  or  8  dB.  Brandt1  a  eight  dipoles  if 
perfectly  operated  without  loasea  above  a  perfect  ground  at  the  right  height 
(possible  for  one  frequency  in  the  range  he  covers)  yields  14  dB,  not  19  dB,  aaxieua. 
■ith  loesaa  for  “wrong*  height  above  ground  of  2  or  3  dB,  the  actual  gain  will  be  in 
range  11  to  14  dB  rather  than  19  dB. 

AUTHOR'S  REPLY 

la  tha  limit  of  a  uniformly  Illuminated  aperture,  the  HI  PAS  array  would  have  a  gain 
of  about  20  dB  at  its  design  frequency  of  4.9  KHi  and  a  gain  of  about  16  dB  at  the 
present  operating  frequency  of  2.8S  MHx .  There  ia  an  additional  gain  due  to  the 
■llpole  elements  of  about  2  dB  and  an  additional  gain  due  to  the  ground  plane.  At  4.9 
Wtt  the  ground  plane  gain  ia  6  dB,  while  at  2.85  HHx  the  ground  plane  gain  is 
substantially  reduced,  perhaps  to  3  dB.  Therefore,  the  maximum  possible  gain  of  the 
array  is  about  23  dB  at  4.9  KHi  and  21  dB  at  2.85  MBx.  However,  the  spacing  of 
elements  In  the  array  is  auch  greater  than  a  half  wavelangth  ao  that  the  gain  is 
substantially  reduced  from  theme  maximum  valuta.  Calculations  performed  using  the 
HEC  electromagnetic  code  give  values  of  about  17  dB  at  4.9  KHz  and  18  dB  at  2.85  KHz. 
The  reduction  at  2.85  KHz  ia  lasa  savers  because  the  aperture  ia  somewhat  bettar 
filled  at  this  longer  wavelength. 
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A  rtvitw  la  preaanaad  of  mala  bom  die  Ttomsa  Heating  facility  In  die  mas  of  wave  feneration  from  ULF  (mHz)  10  VLF  (kHz) 
baqnrncics.  at  well  aa  VLF  wave  propagation  under  Seated  ionospheres.  Retults  from  similar  facilities  in  the  USSR  tad  USA  will 
■or  be  fatiuded 

L  INTRODUCTION 

HijS  power  high  ftequency  (HF)  radio  waves  heat  die  electrons  In  the  tower  ionosphere  through  non-devistive  absorption  00  die 
time  scale  of  microseconds  resulting  in  the  enhancement  of  the  e'.ecrecn-ne utral  collision  frequency.  Tie  heated  region,  typically  23 
ton  diameter  ■  10  ton  ahltode,  can  aa  as  a  pemnbation  on  the  upper  wall  of  the  Lanh-icnosph.ere  wavetpuide,  thereby  meeting  the 
propagation  of  VLF  waves.  On  the  cri-cr  hand,  by  amplitude  modu'acing  die  heztinj  wave  the  heated  re  pen  can  act  11  an  oscillating 
carreor  scarce.  if  there  is  an  eaternii  driving  electric  field,  which  can  itself  radiate  svttvta  at  the  modulation  frequency  iaao  the 
waveguide  or  inn  the  magnetosphere.  The  auroral  none  is  ideally  situated  fer  experiments  of  the  second  type  Wiese  of  the 
hquns  presence  of  large  (tena  of  mV/m)  electric  fields.  For  experiments  of  the  first  type,  the  auroral  zone  ia  not  quite  so  ideal 
since  large  natural  ionospheric  variations  can  mask  the  srtificully  produced  ones.  We  shall  review  result!  from  both  types  of 
aapcrimeiit  performed  using  the  heating  facility  of  the  Mxx-PUnck-Institut  filr  Aertmomie,  a  description  of  which  can  be  found  in 
Srubbe  and  Koplta  (1979)  and  Siubbe  a  aL  (1982a,  1985).  Thia  facility  will  be  operated  by  the  EISCAT  irientific  association  from 
1993  onwards. 

I  D-REGION  PERTURBATIONS 

Tha  effect  of  heatinf  with  about  300  MW  of  effective  radiated  power  (ERP)  at.  uy  4  MHz,  is  to  increase  the  electron  collision 
ftoanecey  by  more  than  an  order  of  magnitude  at  80  km,  corresponding  to  a  change  in  height  of  the  collision  frequency  profile  by 
PbM  10  km  The  effective  change  in  VLF  reflection  height  is,  however,  not  10  large  since  it  depends  on  the  ionospheric  refractive 
Into  which  above  65  km  depends  more  on  the  magnetic  than  the  coHisional  properties  of  the  plasma.  The  effect  ia.  nevertheless.  to 
feaease  the  reflection  height  by  about  4  km  over  a  circle  of  r'-out  25  ton  in  diameter  Such  hearing-induced  pertorbtriens  are 
Mwlngiiiii  10  tocaliied  natural  decreases  in  the  VLF  reflectio-  ueight  caused  by  lightning-induced  electron  precipitation,  called 
Ttimpi  events  (Inin  and  Carpenter.  1987:  Dowden  and  Adar  .  1988).  Whatever  the  cause  of  the  perturbation,  they  effea  change! 
ia  the  phase  and  amplitude  of  signals  from  VLF  transmitter  with  varying  sign  and  degree  depending  on  where  the  perturbation  ia 
tocaOM  wrth  respect  to  the  transmitter- receiver  path.  A  go-  ;  didactic  explanation  of  scattering  of  VLF  waves  by  such  pesrinbations 
la  (ivea  by  Dowries  et  aL  (1990). 

II  order  to  teal  the  theory  of  VLF  wave  tcatterin  M  such  perturbations.  Parr  el  al  (1984)  used  the  north- tooth  beam  oeering 
ability  of  the  Tromso  heater  to  make  the  fin*  r-  •ervstions  of  the  eflect  of  1  moveable  ionospheric  anomaly  00  VLF  propagation. 
They  observed  atoll  (typically  .1  dB  in  an  ,aitude  and  05'  in  phase)  but  clear  diffraction  effects  on  signals  at  12.1  kHz  from  the 
Omega  tzansmitter  at  Aldra.  Noway,  received  at  Skibotn  which  is  52  km  east  of  the  heater  site.  In  more  extensive  wot.  Ban-  et  aL 
(1985a)  readied  the  temporal  variability  of  the  penurbationi  fora  fixed  heater  deflection  angle  such  that  the  perturbation  was  00  the 
Pimxn.  path.  They  found  that  at  times  of  1  marked  reduction  in  the  VLF  field  strength.  i.e.  during  times  of  modal  interference 
■anally  after  sunset  much  larger  perturbations  of  tip  to  6  dB  in  amplitude  and  50"  in  phase  could  be  caused  by  beating.  Figure  1 
shows  how  the  wrongest  permriwoons  occurred  during  times  of  the  amplitude  minima. 

Both  the  normal  and  enhanced  amplitude  and  phase  perturbations  were  successfully  modelled  in  the  same  paper  by  computing  the 
affect  oa  maltimode  VLF  propagation  of  heating  a  zeries  of  ionospheres  ranging  from  day  to  night  conditions.  Multimode 
propagation  was  necessary  in  this  case  because  of  the  short  ( «  500  ton)  path.  Values  of  the  waveguide  propagation  constant  were 
nbikned  for  rwh  mode  under  heated  and  unheatod  foooinheres  by  solving  the  waveguide  modal  equation  (Budden,  1961),  using  an 
impfcnoiatioa  described  by  Bair  (1971).  The  effect  of  RF  heating  is  to  reduce  the  phase  velocity  of  the  inodes  which  is  the  cause 
of  lha  Katarina.  The  effea  of  movini  the  perturbation  at  right  angles  to  the  path  under  stable  conditions  was  to  change  the  phase  of 


Dowden  a  aL  (1990)  also  analysed  data  bom  t  similar  beam  deflection  experiment  using  a  different  approach.  They  showed  that 
the  heating- induced  perturbation  acts  as  a  steerable  receiver  and  can  be  used  to  study  the  VLF  mode  structure  and  parameters  (phase 
attochy  wid  excitation  phase)  at  high  altitudes  (-75  km). 

Ia  all  fee  experiments  performed  so  far,  only  the  changes  caused  by  collision  frequency  enhancement  on  the  time  scale  of  -05  I 
wee  monitored  This  was  necessary  to  overcome  the  drift  due  to  ionospheric  viritbiliry.  Comparatively  high  speed  changes  in 
electron  density  at  tow  altitudes  in  the  D-region,  which  may  also  occur  (see  the  partial  reflection  experiment  results  in  Stubbe  et  aL, 
1982a),  are  a  subject  for  future  research. 


“ow  lets*  bom  DSIR  Physics  and  Engineering  Laboratory,  Lower  Hutt,  New  Zealand 
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1  MODULATION  OP  IONOSPHERIC  CURRENTS 


i  brief  iMi  lo  produce  tutioeary  D-regioo  perturbations,  the  better  ctn  be  used  10  produce  t  modultted  conductivity 
imrtrin  it  the  D-  or  E-region.  The  tin*  constant  far  electron  temperature  (Tj)  enhancement  i»  very  short,  typically  10  at  tt  60 
be  and  1  a*  at  SO  km  with  an  exponential  aright  vitiation.  The  electron  density  (NA  on  the  other  hand,  hti  t  Iona  time  coortrot 
which,  briow  the  E -region  peek,  tfeereeaes  with  increasing  altitude.  For  modulation  frequencies  greater  than  t  few  Ha  the  eoCistoe 
hawe)  modulation  is  doctnant  whereas  lets  than  a  few  Kz  electron  density  modulation  may  dominate  if  the  heater  wave  reachea 
high  eaotgh  altitudes.  The  conductivity  modulation  caused  by  else  tree  temperature  enhancement  is  quite  well  understood  (Stubbe 
ad  Kopfca,  1977.  Stubbe  et  at.  1932b)  and  that  esuued  by  electron  density  throusi  modulation  of  the  02*  and  NO*  temperature- 
dcpaadcra  recombination  taees  rwreezbiy  well  understood.  The  primary  source  currents,  driven  by  an  external  horizontal  electric 
field,  an  stately  proportions!  to  these  conductivity  perturbations.  The  closure  of  these  currents  depends  very  much  on  the  frequency 
tavdvad.  as  ts  shown  by  Figures  2  and  3  of  Stubhe  e«  at,  (1SS2!>).  In  general  we  may  say  that  it  low  ULF  fteqaendea  ( «  1  Ha) 
currents  flowing  around  the  heated  region  (polart-ation  currents)  and  to  some  extent  into  the  magnetosphere  are  important.  The 
treaty  of  Stubbe  and  Kcpia  (1977),  which  uses  hrighi-totegreted  curremt,  can  then  be  applied  to  calculate  the  magnetic  effect  oa 
fcajjoaad  if  one  ignores  the  magnetospbesic  path  and  self  inductance.  These  lam  effects  are  considered  by  Fejcr  sad  Krenaea 


As  dm  other  erd  of  the  spectrum,  the  primay  source  currents  In  the  hundreds  of  Ha  to  kHz  range  are  closed  through  the  wave 
IreyadMce  and  are  limited  mainly  by  self  inductance.  The  radiation  from  them  currents  cannot  be  czlculassd  using  &  approach 
above,  fee  must  hr  done  by  considrnng  eietnensby  current  thtets  and  solving  Maxwells  equations  at  each  layer.  Sorb  a  foil  wave 
catadatioe  for  plane  wave  propagation,  and  then  csjtncting  the  results  for  the  limited  dee  of  the  treated  regica,  was  performed  by 
Usewdd  «  aL  (1987,  1939)  to  crJcuhi.:  the  wave  field  co  the  ground  underneath  the  heated  region.  Multiple  reflections  of  the 
•revet  between  Earth  and  touospber*  were  also  included.  Tire  seme  model  can  also  be  used  id  calculate  the  upward  proper  sting 
whistier-mode  sravee  ia  ties  upper  E-region.  In  aucthre  approach,  used  fire  calculating  the  wave  fields  excited  in  the  fesnh- 
toreosphere  wive  guide,  the  primary  Hall  and  Pedersen  source  cur rests  are  Letrrrated  over  the  heated  volume  to  get  ia  integrated 
dipole  morneot  at  tome  effective  height  in  the  ionosphere,  which  can  then  be  used  to  get  the  efficrerxnr  of  waveguide  excitation  by 
taa  principle  of  reciprocity  (Bair  and  Stubbe,  1934a,  1934b). 

hi  the  tateenufiata  frequency  range  (0.1-10  Hr)  neither  of  the  above  approaches  teems  to  work  well  (Rietveld  et  aL,  1989).  The 
eoreridemtan  of  aS  the  currents  necessary  ia  this  range  it  a  camplisamd  tiuk  tad  has  not  beta  done  yes. 

The  ionospheric  amentia  produced  by  the  alternating  current,  cflen  csfied  "pc. Ire  electrejet  antenna*,  is  non-fesocant  to  there  Is  no 
low  frequency  limit  ts  in  conventions!  ground  based  ■nc-i.-.r  This  is  otre  of  its  advantages,  but  otherwise  it  is  ret  inefficient 
EUyVLF  source  as  the  following  work  shows. 

4.  NEAR  FEELD  ELF/VU  RESULTS 


After  the  first  reports  of  sitificid  ionospheric  ELF  wave  generation  by  Soviet  workers  (e.g.  Getmantsev  et  aL,  1974),  Stubbe  e;  al. 
(1980, 19*1. 19S2c)  rod  Dowtten  tt  aL  (1931)  measured  both  amplitude  and  phase  of  ELF  signals  reerrded  at  Lxvar.gsdalen,  17  km 
bon  the  Trains#  heater,  and  proved  that  they  were  of  ionospheric  origin.  They  used  north-south  and  east-west  oriented  loop 
•■Sennas.  By  varying  the  modulation  frequency  continuously  from  a  few  hundred  Ha  to  about  6  kHz  it  was  found  that  the  amplitude 
showed  pronounced  peeks  near  2  kHz  and  higher  multiples.  Measurements  of  phase  as  a  function  of  frequency  enabled  the  group 
delay  and  thereby  the  effective  generation  height  of  the  waves,  typically  75  km,  to  be  determined.  An  example  of  such  t  sweep  is 
shown  ia  Figure  2  (from  Figure  6  of  RictveM  a  xL,  1939).  The  signals  from  the  two  antennas  were  resolved  into  their  right-  and 
kb  harried  circular  component?  labelled  R  end  L  in  the  figure.  The  dare  (solid  lines)  illustrate  the  following  typical  features.  The 
— pBtwtes  are  typically  1  pT  under  disturisd  geomagnetic  conditions.  Ionospheric  electric  fields  were  greater  than  about  20  mVAn 
hi  Ola  case  ts  deduced  from  the  STARE  rcrorid  radar  data  The  R-mode  (whistler  mode  in  die  plasm#'  is  slightly  stronger  than  the 
Irsnode  (which  is  evanescent  in  a  plasma)  but  the  L-mode  has  sharper  peaks  at  the  2  kHz  resonances.  The  wives  are  usually 
riBptfcafly  polarised  rinse  the  R  ant,  L-modcs  are  comparable  ia  strength.'  The  effective  source  heights,  obtained  from  the  me  of 
rhsagn  of  phase  with  frequency,  are  larger  for  the  St-mode  oo  average. 

The  dewed  Kcei  in  figure  2  are  the  results  of  the  full  wave  calculation  described  in  Rietveld  et  sL  (1989).  The  inclusion  of  multiple 
Earth- ionosphere  reflections  reproduces  the  peaks  reasocihly  well  in  both  amplitude  and  phase  (or  height)  and  shows  that  an 
taawpn  isLiuii  of  die  phase  in  terms  of  scares  height  needs  to  be  done  with  cart.  Occasionally  frequency  sweeps  show  mote  structure 
ta  the  R-cnode  then  in  the  L-raode  (figure  7  of  Rietveld  et  il.,  19S9).  This  could  also  be  modelled  sad  explained  by  the  presence  of 
tani  ration  as  heights  above  that  where  the  waves  are  generated.  For  example  sporadic  E-layers  could  cause  the  upwind  propagating 
wtasdtr  mode  waves  so  be  reflected  rod  interfere  with  the  downward  propagating  waves. 

Other  features  of  the  ELF/VLf  waves  we  that  they  are  usually  stronger  for  X-tnode  than  O-mode  beating  and  stronger  at  lower  HF 
fryanrisi.  because  the  D-regicn  absorption  ia  mote  efficient  in  both  cases.  Modulating  with  lower  average  HF  power  is  more 
efficient  than  with  higher  average  power  because  of  the  non-linear  relation  between  electron  temperature  enhancement  and  HF 
energy  input  (Stubbe  et  il,  1982b;  Papadopouka  et  «L,  1989). 

Areahernative  way  of  examining  the  VLF  waves  from  ionospheric  heating  is  to  look  at  the  broad-band  temporal  response  to  paced 
hnatirg.  rather  than  the  narrow  betid  fixed  frequency  waves.  This  was  met  done  by  Stubbe  et  si.,  (1982b)  and  repeated  in  more 
detail  oy  Rietveld  el  aL  (  1936).  Ftgare  3  shows  the  average  ELF/VLF  response  from  one  loop  antenna  to  50,  300-us  heater  pulses. 
Up  to  6  multiple  Earth-ionosphere  reflections  of  the  wave  radiated  by  the  transient  current  perturbation  are  evident  sod  labelled.  The 
tafbence  in  response  to  htsier-oo  and  hearer-off  transitions  were  used  to  deduce  that  the  electron  ’nesting  time  constant  was  about 
half  dm  for  cooling.  It  was  also  suggested  that  this  teefatique  could  find  mote  general  use  with  other  radar  systems  in  die  auroral 
me  since  it  can  use  rather  low  duty  cycle  transmissions  (Rietveld  and  Stubbe,  1987). 

Many  aafies  were  made  of  the  temporal  behaviour  of  waves  generated  tt  a  snail  number  of  fixed  modulation  frequencies.  By 
comparing  the  variation  with  other  measurements  (mainly  magnetometers  sod  electric  field  estimates  from  STARE)  it  was  shown 
that  both  the  arr..  tinsde  and  phase  can  be  modulated  by  Urge  scale  electric  fields  oa  time-scales  from  seconds  to  oany  hours.  For 
example  Rietveld  et  aL  (1983,  1987)  showed  that  natural  Pc-5  pulsations  could  be  monitored  in  this  way  rod  Rietveld  et  aL  (1988) 
showed  Pc-1  pulsations  of  3  s  period.  Oo  one  occasion  an  experiment  lasting  32  hours  during  s  Polar  Cap  Absorption  (PCA)  event 
showed  how  the  source  height  varied  from  the  rather  low  altitude  of  55  km  during  the  day  to  about  75  km  at  night  (Rietveld  et  aL, 
19*7). 


1  r  At  TOLD  ELF/VLT  RESULTS 


To  (bfoauCMe  the  suocessftl  eadtadon  of  wtveguide  modes  by  the  ionospheric  ELF/VLF  antenna,  measurement!  were  cade  to 
Swedes  X  Kiruna.  Lycksele,  and  Uppsala  X  distiuces  of  205,  554,  and  about  1000  Icm  respectively  from  the  heating  facility. 
Signals  have  been  detected  X  Uppsala  but  no  quantitative  anXytis  has  yet  teen  made.  Data  in  the  frequency  range  1-1.6  kHz  bom 
Kiruni  and  Lycksele  were  uaed  X  de»e  mine,  not  only  the  effective  power  radiated  by  the  ionospheric  antenna,  but  also  the 
propagation  constant  of  the  Earth- ienotpbere  waveguide  (Barr  et  a]..  1985b).  During  a  2-day  period  the  radiated  power  ranged  from 
<  100  uW  to  >  2  W.  The  cprer  value  pomps res  favourably  with  theoretical  values  of  a  few  wiki  computed  by  Birr  and  Stubfce 
(1914b)  A*  a  constant  ionospheric  efoaric  field  of  25  mV/m.  For  a  HF  power  Input  of  about  1  MW  this  represents  a  power 
efficiency  of  -0000 1  V  The  amplitude  wai  highly  variable  but  the  high  ccrrelsticn  coefficient  of  0  87  and  0.8  at  1.04  and  1.57  kill 
respectively  between  signals  from  (jruna  and  l.yckiele  shows  that  the  variatioa  la  provided  by  the  source  rather  than  the 
propagation  medium.  This  conclusion  is  confirmed  by  aimultaneoua  local  meararemenu  x  Lavangsdaiea 

The  frequency  dependence  of  signals  X  Lycksele  from  the  "polar  electrojet  antenna’  wit  eaamined  X  frtquenciet  from  223  Ha  to 
J.44  kHz  (Bare  a  aL,  1986).  Frequencies  over  the  whole  range  were  received  with  mautimum  amplitudes  -50  IT.  Both  arimuthal 
tad  radial  magnetic  field  components  were  recorded  allowing  their  ratio,  commonly  termed  polarization,  to  be  determined.  The  data 
ware  modelled  using  the  theory  of  Brer  and  Stubbe  (19S4b)  to  which  1  point  dipole  of  30  amp-km  was  located  X  the  height  of  the 
■artmtim  modulated  Han  curteot  at  a  certain  angle  to  the  proptption  pith  (north-south).  Figure  4  showi  the  cutofT  frequency  sear 
2  kHz  of  the  first-order  quasi  transvenc-eiectric  (QTE)  mode  (Budden,  1961)  very  dearly  in  the  radial  component.  This  frequency 
la  determined  by  the  Ionospheric  height  and  was  used  to  find  the  appropriate  density  profile.  Changes  of  chit  cutoff  frequency, 
which  it  related  to  the  first  waveguide  reaonance  near  2  kHz  in  Figure  2,  la  correlated  with  auroral  precipitation  and  with  diurnal 
changes  in  the  ionospheric  height  A  dipole  located  X  6?  km  and  oriented  at  120"  to  the  props ration  path  pave  the  fit  shown.  That 
the  theory  underestimates  the  tadSal  magnetic  flua  density  hekrw  2  kHz  may  be  due  tone  ;'ect  of  near-field  effects  In  the  model.  The 
minima  between  2  and  4  kHz  in  the  azimuthal  data  are  caused  by  modal  interference  as  the  propagation  changes  from  the  zerxrder 
queti-trantverae- magnetic  (QTM)  mode  to  the  first-order  QTM  mode.  Overall,  they  conclude  that  the  simple  model  of  a  single 
point-dipole  to  the  ionosphere  located  ■  the  height  of  the  ELF/VLF  Hill  current  maximum  is  eacellcnt  In  explaining  the 
experimental  results,  especially  above  1  kHz.  Using  waveguide  mode  theory  to  extrapolate  our  results  to  looter  distances  leads  to 
discrepancies  with  other  published  claims  of  far-fleld  Jieasurements  (e.g  Ferraro  et  ah,  1932,  Lunnenet  al.,  1884). 

*.  MULTIPLE  AND  MOVEABLE  ELF/VLF  SOURCES 

Thu  Troms#  heating  facility  is  able  to  tilt  the  antenna  beam  in  the  north-aouth  plane  by  phasing  the  6  town  of  HF  antennas 
appropriately.  This  cm  to  fact  be  dooe  x  rates  up  to  shout  3  kHz.  Experiments  svere  performed  whore  the  berm  was  swept  to  a  1 
name  cycle  35'  about  the  nr  nidi  while  ELF  signals  were  being  generated  near  2  kHz  by  amolltude  modulation.  Signals  recorded 
wader  this  movinesource  of  ELF  radiation  sometimes  showed  an  amplitude  vzriition  with  deflection  angle  which  svere  interpreted, 
with  the  help  of  STARE  electric  field  data,  as  bring  caused  by  spatial  variations  to  the  ioouephcric  electric  field  (Rictveld  et  aL. 


Similar  experiments  were  performed  under  more  uniform  and  stable  ionospheric  condition!  but  using  a  receiver  X  Lyckjele,  554  km 
away  The  phase  vtristion  with  beam  deflection  angle  was  obuimed  and  used  to  derive  the  phase  velocity  of  ELF  waves  between  1 
aad  6  kHz  in  the  Earth-ionosphere  waveguide  (Barr  et  al..  1987).  The  simple  point-ELF -dipole  model  they  used  to  relate  measured 
phase,  ionospheric  height,  beam  deflection  angle  and  phase  velocity,  fitted  most  of  the  data  very  well  and  gave  phase  velocities  that 
agreed  with  those  calculated  from  waveguide  theory.  The  simple  theory  failed  to  fit  the  phase  at  large  nenheriy  deflections, 
taggrzting  that  the  HF  antenna  tide  lobe  saucture  may  be  contributing  to  total  ELF  signal  radiated.  The  idea  is  that  when  the  miin 
bean  la  pointing  far  so  the  north,  the  lower  power  side  lobe  structure  illuminates  the  ionosphere  to  the  south  and  effectively 
generate!  ELF  signals  to  the  ionosphere  with  shorter  propagation  paths  to  the  receiver.  Also  the  larger  the  deflection,  the  larger  the 
power  ia  the  side  lobes  becomes  so  that  these  secoodary  sources  can  interfere  significantly  with  the  source  from  the  main  beam. 

A  most  realistic  model  was  presented  tor  Barr  et  aL  (1988)  where  the  ELF/VLF  source  was  assumed  to  be  continuous  with 
ceotri buboes  from  the  majority  of  the  HF  radiation  pattern  is  depicted  in  Figure  5.  The  improved  fit  to  the  phase  data  is 
demonstrated  to  Figure  6  which  shows  the  simple  theory  on  the  left  and  Che  full  theory  it  the  right.  In  addition  he  amplitude  data 
cash!  be  reasonably  well  explained,  which  wsi  not  the  case  srith  the  zimplc  theory,  the  most  impcromt  feature  to  the  amplitude 
data,  fat  the  signal!  from  deflections  37"  aouth  were  about  6  dB  stronger  than  for  verticil  beam  could  be  explained  by  lets  phase 
pafr  difference  across  the  source  directed  to  the  south  than  for  vettical  beam.  It  would  thus  appear  that  deflecting  ihe  HF  beam  to 
tbe  required  direction  of  ELF/VLF  propagation  it  a  good  technique  for  improving  the  ELF/VLF  signal  output  especially  X  the 
sborler  wavelengths. 

By  deflecting  the  HF  beam  to  square  wave  fashion  without  amplitude  modulation,  it  is  possible  to  illuminate  two  separated  patches 
1st  the  ionosphere  to  antiphase.  Birr  et  aL  (1987)  used  a  switching  frequency  of  2.94  kHz  to  produce  two  antiphase  sources  of  ELF 
radiation  fa  the  waveguide  and  thus  produce  a  directional  source  of  ELF  radiation.  They  varied  the  separation  between  the  patches 
from  0  d  more  than  100  km  and  found  a  maximum  to  received  signal  at  Lycksele  X  about  54  km  assuming  a  source  height  of  73 
km.  With  free  space  propagation  velocities,  two  antiphase  sources  X  2.94  kHz  would  need  to  be  51  km  (half  a  wavelength)  apart  to 
produce  a  maximum  signal  to  the  line  joining  them.  The  maximum  signal  was  Xso  twice  as  much  as  obtained  from  a  single 
amplitude  modulared  patch,  indicating  the  two  heated  patches  were  operating  efficiently  as  two  independent  EiF  sources. 
Furthermore,  the  amplitude  measured  near  die  midpoint  between  the  two  paathls  was  much  leu  than  for  ihe  tingle  amplitude 
modulated  patch,  as  one  won  Id  eapect 

7.  MACNETOSPHERIC  ELF/VLF  RESULTS 

Tbe  ELF/VLF  leaves  produced  to  the  lower  ionosphere  also  propagate  in  the  whistler  mode  'reward!  where  they  may  be  detected  on 
aarnfars  or  even  on  die  ground  to  the  conjupie  hemisphere  if  suitable  ducting  of  the  signals  occurs.  During  an  extensive  campaign 
as  December  1981  •  detailed  search  was  made  for  ground  signals  at  Mawson,  Antarctica,  near  the  conjugate  point  to  Troensa.  No 
signals  were  found  probably  because  ducted  whistler-mode  propagation,  which  is  usually  necessary  for  ground  reception,  is  rare 
outside  fa  plasmapanse. 

Whistler  mode  signals  have,  however,  been  seen  on  three  satellite  pisses  in  1981:  Aureole  3  on  3  Dec  (Lcfeuvre  ri  al„  1985,,  ISIS  1 
on  9  Dec  (lames  et  al-,  1984);  and  DE-1  on  12  Dec  flnan  and  Helliwell,  1985;  James  et  a]„  1990).  ISIS  1  detected  signals  from  525 
to  5850  Hz  near  1200  km  altitude  on  a  magnetic  field  line  close  to  the  Heater  with  amplitudes  from  3-30  uVAa  Aureole  3  detected 
waves  from  525  to  1425  Hz  x  1890  km  alntude  with  about  5  uV/m;  while  DE- 1  delected  waves  from  1545  to  5925  Hz  x  1 1000  km 


•Ml  04-0.7  aVAn.  Some  sssects  of  die  satellite  obaovadoni  remain  unexplained.  The  amplitudes  measured  on  ISIS  I  were 
•roof*?  tfcaa  implied  by  simultaneous  pound  measurements,  and  the  harmonic  sifnat  ratios  fruo  die  square  .save  tnoduistiosi  were 
ftffocat  in  space  and  oa  the  pound  (James  el  at,  1934). 

The  DG-I  fsaults  were  compared  with  1CL2  kHz  signals  from  die  Omegi  transmitter  in  Aldra,  Norway,  which  were  received  at  the 
Baesa  tana,  so  deduce  a  radiated  power  of  about  30  W.  This  is  somewhat  higher  than  that  measured  in  the  Earth-ionosphere 
waveguide  (Barr  el  aL.  1935b)  which  is  typically  a  few  watts,  suggesting  that  die  'polar  electro,**!  antenna’  is  t  mote  efficient 
■Bacnsor of  nsqpraoapbtric  than  sub-iooce  photic  radiation.  Neverrheless  the  signal  levels  were  still  s  factor  of  about  6  smaller  than 
is  signals  from  the  10  kW  Omega  transmitter.  Spectral  broadening  of  about  10  Ha  and  pulse  stretching  by  a  few  hundred 
■Misecoada  could  isos  be  explained  by  propagation  in  a  smooth  magnetosphere,  hut  required  scattering  off  density  irregularities. 

ft  'JUT  RESULTS 

Measuring  the  effects  of  modulating  currents  in  die  ULF  range  (less  thin  a  few  Hs)  has  been  more  difficult  mainly  because  the 
amoral  noise  level  is  much  higher  than  u  ELFAL.F  frequencies,  loeosphericsliy  produced  oscillations  in  the  magnetic  field  on  the 
graved  under  the  bested  region  have  been  clearly  nemred  in  the  1  to  20  Ht  ranee  (Stubbe  et  al.,  1982b;  Rietveld,  1985;  Maul  et 
aL,  t990)  and  moat  features  can  be  shown  to  be  caused  by  ionospheric  cunem  modulation  iMaul  et  al„  1990)  involving  temperature 
■adulation  sad  some  density  modulation  at  the  lower  frequencies.  Amplitudes  are  typically  a  few  pT,  similar  10  those  in  the 
IradniTtscfHs  range,  hut  am  not  to  well  reproduced  by  osg  models 

Lone  period  oariEations  have  been  recorded  by  magnetomews  close  to  the  her  ted  region  with  periods  from  10  to  600  seconds 
(Stubbe  and  Kopka.  1981;  Stubbe  ct  si..  1932b;  Lotz-Iwea,  1983;  Maul  et  al.,  1990).  Some  of  these  events  have  had  amplitudes  up 
M 10  dT  which  are  much  larger  than  expected  on  the  basis  of  the  current  modulation  theory  of  Stubbe  and  Kopka,  1977  (Stubbe  et 
aL.  1932b;  1935).  Sometimes  they  showed  an  abrupt  onset,  suggesting  that  an  instability  may  be  involved.  One  possible  mechanism 
investigated  by  Ssrcfcer  (1985),  involving  feedback  to  the  original  perturbation  by  electron  precipitation  from  the  magnetosphere, 
appeared  unlikely  to  captain  die  observations  twt  could  not  be  completely  excluded. 

Ow  the  other  hand,  approxxntrly  1  nT  amplitude  of  a  120  s  period  event  could  he  explained  by  the  current  modulation  theory  quire 
well  (Maul  et  al .  1990).  During  the  same  expesireent  1425  Hz  and  1  Ha  modulation  were  also  used  every  half  hour  svith  successful 
resold.  This  example,  shown  in  Figure  6,  illustrates  that  the  conditions  required  for  strong  ULF  cusrem  modulation  ire  quite 
different  from  those  required  for  strong  ELF/Vi-F  excitation  becruse  the  1425  Hz  waves  arc  quite  weak  (-0.15  pT)  compared  to 
otoaa  usually  seen.  Low  electron  densities  in  the  lower  D-region,  which  wore  measured  by  EISCAT,  resulted  in  weak  1425  Hz 
signals,  but  allowed  the  HF  wave  to  modulate  the  el  xtitn  density  in  the  E-region,  as  the  modelling  of  Maul  et  aL  (1990)  showed. 

He  launching  of  Alfvtin  waves  into  the  magnetosphere  by  such  periodic  ionospheric  perturbations  has  never  been  demonstrated 
experimentally  although  a  search  was  mads  for  PcS  perturbations  on  the  GEOS-2  synchronous  orbit  satellite,  and  for  Pc-1 
pulsation!  at  the  conjugate  point  in  M.twson,  Antarctica  (Webster  et  al.,  1987).  The  chances  of  detecting  these  waves  in  the 
magnetosphere  are  thought  to  be  remote  because  of  the  small  extent  of  the  perturbed  region  (Fcjer  and  Krcnzien,  1982). 

Although  are  cannot  completely  exclude  other  mechanisms  that  do  not  rely  on  current  modulation  as  the  source  of  ULF  or  ELF 
waves,  most  of  our  data  seem  to  be  explainable  in  terms  of  such  current  modulation. 

ft  CONCLUSIONS 

Hniotiag  the  D-trgion  on  the  propagation  path  of  VLF  waves  by  HF  heating  has  been  shown  »  provide  a  useful  tool  in  furthering 
acr  understanding  of  VLF  wave  propagation.  In  particular  the  effects  of  modal  interference,  the  displacement  from  the  propagation 
path,  and  the  size  of  the  perturbed  ionosphere  on  the  signal  amplitude  and  phase  have  been  elucidated. 

The  excitation  of  ELF/VLP  waves  provides  an  interesting  diagnostic  of  ionospheric  conditions  and  another  tool  for  studying  the 
propagation  properties  of  the  Earth-ionosphere  waveguide.  The  mechanism  is  not  very  efficient  in  exciting  waveguide  modes  sod  is 
peftupf  more  efficient  at  exciting  the  wlustler-mode  in  the  magnetosphere.  Some  methods  of  improving  the  power  radiated  into  the 
Earth-ionosphere  waveguide  by  fac  „n  of  up  so  about  3  using  antenna  beam  steering  have  been  demonstrated.  Recent  ideas  to 
improve  further  the  efficiency  of  radiation  into  the  Earth-ionosphere  waveguide  from  the  ionospheric  ELF  antenna  (Papadopoulos  et 
a L,  1939)  have  not  yet  been  tested  experimentally. 

The  excitation  of  detectable  ULF  oacillitions  on  the  ground  requires  more  restrictive  conditions  than  for  EU7VLF.  There  are 
probably  more  unanswered  questions  in  this  area  than  in  the  two  above. 
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DISCUSSION 


D.  PAPADOPOULOS ,  US 

A  discrepancy  of  about  one  order  of  magnitude  in  the  ratio  of  amplitude  observed  on 
the  ground  vu  the  one  observed  by  satellite  and  the  theoretically  expected  has  been 
noted  in  a  1984  paper  by  Janes.  Has  the  discrepancy  been  resolved? 

AUTHOR’S  REPLY 

for  the  XSXS-1  data  you  sent  ion,  the  discrepancy  has  not  been  resolved. 

U.  S.  IRAN,  US 

Is  the  excitation  of  magneiospheric  ELF/ VLF  waves  really  nore  efficient  than  that  of 
exciting  waves  into  the  waveguide?  Are  the  wave  intensities  observed  on  the  ground 
inconsistent  with  satellite  observations  where  one  takes  into  account  the  absorption 
during  transionospheric  propagation? 

AUTHOR’S  REPLY 

The  estinate  of  i.  dieted  power  into  the  nagnetosphere  fros  the  DE-1  data  do  suggest 
about  an  order  of  magnitude  more  efficient  excitation  than  into  the  waveguide.  I 
think,  however,  ti  at  there  is  room  for  better  modelling.  The  intensities  are  not 
inconsistent,  considering  the  uncertainties  in  the  absorption  during  transionospheric 
propagation. 

H.  CARLSON,  US 

Could  you  say  more  about  the  null  result  of  Alfven  wave  detection  (heater  induced)? 
AUTHOR’S  REPLY 

The  search  for  artificial  pulsations  using  the  GEOS-2  geostationary  satellite  yielded 
a  null  result  for  the  long  period  pulsations.  The  chance  of  detecting  such 
pulsations  is  very  low,  however,  because  the  small  spatial  extent  of  the  modified 
ionosphere  maps  to  a  region  near  the  equator  which  is  also  very  small.  Fejer  and 
Kranzien  (1982)  discuss  the  probabilities  of  detection  by  satellites.  The  amplitudes 
are  also  expected  to  be  very  small.  I  do  not  remember  what  the  detection  limits  for 
the  satellite  observations  were. 
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J.  a.  MLKOSZ,  CA 

You  hava  daacribad  Vt t  tranauiaalon  (13.1  kHa  ovar  a  433  ka  path)  In  taraa  of 
aultlaoda  propagation.  Whila  thia  la  ona  intarpratation,  propagation  ovar  thla  abort 
tfistanca  range  can  aora  aiaply  ba  daacribad  in  taraa  of  a  ground-  and  a  onca 
raflactad  aky-vava.  In  thia  intarpratation,  tha  dlraction  of  phaaa  changaa  at  tha 
tiaa  of  a  aunaat  alninua  in  aaplituda  of  tha  total  fiald  can  ba  aiaply  axplainad. 
It  da panda  on  vhathar  tha  akyvava  or  groundwava  ia  tha  atrongar.  Hanca  tha  poaltiva 
or  nagativa  phaaa  parturbation  with  haating  can  aoro  aiaply  ba  viaualiiad. 

Mmtoir*  ««.y 

Ma  uaad  tha  aultlaoda  vavagulda  propagation  approach  bacauaa  va  had  tha  prograaa  fov 
auch  calculatlona  avallabla,  and  thia  approach  ia  aaally  axtandad  to  longar 
diatancaa,  whara  tha  nunbar  of  raya  nacaaaary  bacoaaa  larga.  Z  agraa  that  for  a 
abort  path  ona  could  uaa  tha  ray  approach. 


figure).  Heater- induced  amplitude  and  phase  perturbations  of  12.1  kHi  Omega  iignaia  on  29  Sept  1983.  The  hotter  on  omo, 
with  X-mode  at  2.759  MHi  ind  ERP-260  MW.  are  indicated  ai  the  lower  edge.  Heater  on  was  during  aegments  D  and  G  of  the 
Norwegian  Omega  transmissioo  format  Upper  panel:  relative  amplitude  change,  derived  firm  successive  abort  aVoff  periods. 
Middle  panel:  corresponding  phaae  change  Lower  panel:  field  strength  during  heater -off. 
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Comparison*  of  theoretical  estimate*  of  radial  and  azimuthal  magnetic  fields  554  km  from  the  source,  as  a  function 
of  frequency,  with  experimental  daytime  observation*. 
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Ob— iwttcne  of  the  enomelous  absorption  of  diagnostic  radio  wav—  during  Ionospheric 
modincetJon  of  Arecibo 

AJ.  Stoefcer,  T.R.  Robinson  and  T.B.  Jonoi 
Department  ot  Physics 
Unfversrty  of  Leicester 
University  Road 
Laicastar,  IE;  7RH,  U  K. 


Abstract 

Theory  IncScata*  that  tha  anomalous  absorption  produced  during  modification  of  the  Ionosphere  by 
means  of  high  power  radio  wave*  Is  dependent  on  tha  magnetic  dip  angle.  Recant  measurements  of  the 
anomalous  absorption  at  Arecibo,  Puerto  Rico,  are  found  to  be  considerably  smaller  In  magnitude  than  those 
previously  reported  for  the  high  latitude  site  at  Tromse,  Norway. 


1)  Introduction 

Tha  anomalous  (or  wideband)  absorption  of  low  power  HE  diagnostic  radio  waves  propagating  through 
an  F-eagion  iBuminatkd  by  a  high  power  radio  wave  (heater)  was  discovered  during  soma  ot  the  oartest  heating 
experiments  at  mid  latitudes  at  Plattevltte  (eg  Cohen  and  Whitehead  1970;  Utlaut  and  Violette  1974).  Heater 
induced  anomalous  absorption  has  also  been  a  regular  feature  ot  heating  experiments  performed  at  high- 
latitudes  at  the  MFI  heating  facility  at  Tromso  (Stubbe  ef  af  1982;  Robinson  1985;  Jones  ef  al  1986). 
Simufteneous  observations  of  large  scale  heating  and  anomalous  absorption  at  Tromsa  led  Robinson  (1989)  to 
suggest  that  at  high  latitudes  anomalous  absorption  of  the  pump  wave  itself  plays  a  far  more  significant  role  In 
heating  the  plasma  than  deviativa  absorption.  Theoretical  sturfes  (Robinson  1989)  also  predict  that  for  the  same 
ionospheric  conditions,  anomalous  absorption  ana  therefore  anomalous  heating,  should  be  much  smaller  at  low- 
latftudet  (eg  Arec-bo,  dip  angle  50°)  than  at  high  latitudes  (sg  Tromso,  dip  angle  78°),  due  to  the  role  played  by 
the  direction  of  the  geomagnetic  field. 

A  wide  variety  of  nesting  experiments  have  been  undertaken  with  the  heating  facility  at  Arecibo  but  no 
dree!  observations  of  anomalous  absorption  nave  been  reported.  However,  Fejer  ef  al  ('389)  have  measured  a 
reduction  of  about  4  dB  in  the  reflected  heater  wave  after  a  few  seconds  of  heating  and  Coster  ef  al  (1985)  have 
observed  tho  growth  ol  field  aligned  irregularities  (FAI)  during  heating  ct  Arecibo.  Heater  generated  FAIs  are 
currently  held  to  be  responsible  for  anomalous  absorption  (eg  Vas'kov  and  Gurevich  1975,  1977;  Graham  and 
Fejer  1978;  Jones  ef  al  1984;  Mjolhus  1985;  Robinson  1989).  Mantas  ef  al  (1981)  have  Inferred,  from 
measurements  of  electron  heating  at  Arecibo,  that  weak  anomalous  heating  comparable  in  size  with  deviative 
heating  does  occur. 

In  this  paper  the  first  (tract  observations  ot  anomalous  absorption  from  an  HF  propagation  experiment  at 
Arecibo  are  presented. 


2)  Experiments!  Results 

The  experiment  reported  below  was  performed  on  16  May  1989  and  ran  from  1630  until  1900  AST 
(Atlantic  Standard  Time,  AST  ■  IJT  -  4).  The  interval  ot  intsrest  occurred  towards  the  end  of  this  experimental 
period  from  about  1800  AST  onwards.  The  heater,  which  Is  located  at  Islots  (17  km  northeast  of  the  Arecibo 
Observatory),  transmitted  O-mode  polarized  signals  at  a  frequency  of  7.4  MHz.  From  1700  AST  the  heater  was 
repeatedly  turned  on  for  five  minutes  and  then  off  tor  ten  minutes.  Four  HF  transmitters  were  operated,  each  with  a 
power  of  tOO  kW  resulting  in  an  effective  reflated  power  (ERP)  ot  approximately  80  MW  (assuming  an  antenna 
gain  of  23  d8). 
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Flgui*  1.  ■)  Map  showing  the  location  of  the  diagnostic  transmitter  and  receiver  sites,  the  heater  and  the  430 
MHz  radar  at  the  Aredbo  Observatory. 

b)  A  schematic  of  the  diagnostic  ray  paths  In  relation  to  the  3  dS  contour  of  the  heater. 


The  dtegnostfc  equipment,  which  consists  of  3  tow  power  (30  W)  transmitters  and  5  receivers,  has  been 
described  In  detail  by  Robinson  (1989)  for  experiment*  at  Tromso.  This  equipment  was  deployed  for  the 
experiment  described  her*  with  the  transmitters  located  at  Ramey  Solar  Observatory  and  the  receiver*  and  data 
toggiiig  apparatus  at  Sabana  Seca  Naval  Base  (Figure  la).  This  experimental  geometry  ensures  that  the 
((agnostic  waves  do  not  propagate  through  the  heated  D-ragion  (Figure  1b)  and  thus  only  F-rsgion  modification 
effects  wffl  be  observed.  During  the  interval  in  question  the  three  diagnostic  frequencies  were  approximately, 
6.77. 7.65  and  7.95  MHz.  O-mode  polarized  waves  were  monitored  for  all  three  of  these  frequencies.  A  further 
receiver  monitored  the  reflected  heater  signal  strength. 


ON  ON  ON  ON 


Time  (A.S.T.) 


Figure  2.  Amplitude  variation  ot  the  dagnostic  signals  versus  time  on  16  May  1989.  The  heater  was  operated  in 
O-mode  with  an  ERP  of  80  MW  and  at  a  frequency  of  7.4  MHz. 


The  ((agnostic  O-mode  signal  amplitudes  recorded  by  the  receivers  and  integrated  over  a  1  second 
period  are  presented  in  Figure  2.  It  is  dear  that  the  diagnostic  signals  have  bee  l  absorbed  and  the  fading  rate 
has  changed  during  heating.  However,  the  depth  ot  fading  before  heater  turn  on  is  similar  in  magnitude  to  the 
heatef-inctoced  absorption  making  it  cJrfficuB  to  identify  the  precise  onset  time  ot  the  heating  effects.  In  an  effort  to 
identify  the  systematic  healing  effects  more  dearly  the  data  from  four  consecutive  heater  cydes  between  1 800  and 
1900  AST  have  been  overlaid  and  averaged  (Figure  3).  The  iieater  Induced  absorption  tor  each  of  these  three 
((agnostics  has  been  estimated  from  Figure  3  and  the  results  presented  in  Table  1.  The  level  of  absorption  is 
highest  at  the  ((agnostic  frequency  closest  to  the  heater  frequency. 
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The  ompltude  variation  Immetlatety  after  healsr  turn  on  appaara  to  oscillate  In  a  mannar  similar  to 
d*npad  SHU  (Figure  3a],  At  heater  turn  off  a  simitar  esrir.iiwy  feature  la  observed  In  the  amplitude  but  this  time 
the  phase  of  the  oscillations  Is  the  opposite  to  that  at  heater  turn  on.  A  similar  response  occurs  for  tho  Interval 
reproduced  in  Figure  3p.  in  Figure  3c  oscillatory  feature*  are  still  evident  but  do  not  exhibit  the  marked  phase 
r«v« real  between  on  and  off  conditions  noted  In  the  other  two  cases.  A  detailed  analysis  of  these  features  is 
beyond  the  scope  of  the  present  work,  however,  further  investigation  of  this  phenomena  will  be  the  subject  of  a 
future  paper. 

9)  Discussion 


Robinson  (1989)  has  discussed  three  possible  mechanisms  which  could  lead  to  tht  reduction  of 
dtognoatic  signal  amplitude  In  experiments  of  the  type  described, 

I)  Enhanced  D-tegfon  absorption 

If)  F-reglon  defocussing  due  to  large  scale  plasma  densrty  change 

li)  F-regton  scattering  of  EM  waves  into  Langmuir  waves  from  small  scale  FAI,  is  anomalous  absorption. 

For  the  current  experiment  the  spacing  of  the  transmitter  and  receiver  stations  (Figure  1)  should  ensure 
that  Pm  dtagnosSc  waves  do  not  pass  through  the  heated  D-region.  In  addition  the  diagnostic  sirnal  response  to 
Me  D-region  absorption  has  a  much  shorter  time  constant  than  that  exhibited  by  the  data. 

Mechanism  (B)  requires  targe  ecale  changes  in  the  plasma  density.  There  is  some  evidence  for  such 
changes,  at  a  heater-induced  increase  m  electron  temperature  of  dose  to  200  K  has  been  measured  by  the  430 
MHc  radar.  However,  no  (flag  no  Stic  phase  changes  wars  observed  In  these  experiments,  a  result  which  is 
consistent  with  no  change,  or  a  very  smal  change,  in  electron  density  (Jones  efW  1962).  It  should  be  noted  that 
large  changes  in  the  electron  density  are  not  required  for  defocusslng  to  occur.  Robinson  (1989)  eliminated 
defocussing  at  an  ampltude  reduction  mechanism  tor  the  Tromsa  experiment  on  the  grounds  that  the  absorption 
Sms  constants  were  much  Isss  than  the  times  measured  for  large  scat#  changes  in  the  density  to  occur.  For  the 
experiments  reported  here  there  was  no  measurable  change  in  the  electron  density  and  therefore  it  was  not 
possible  to  deduce  the  relevant  time  constants.  However,  In  previous  experiments  at  Area  bo,  Mantas  at  at 
(1981)  reported  growth  and  decay  times  of  toe  modified  electro’,  temperature  of  between  17  and  30  s.  The 
recovery  time  of  toe  diagnostic  amplitude  ie  much  lest  than  ries  (Figure  3),  although  the  onset  time  is  similar. 
Therefore,  ft  Is  Ikefy  that  defocussing  can  be  eliminated  as  a  significant  source  of  the  observed  amplitude 
iwducUon. 

By  eiminating  mechanisms  (I)  and  (I).  8  remains  probable  that  the  reduction  In  toe  deg  no  Stic  amplitude 
ie  a  reaul  of  anomaJout  absorption. 


4)  Conclusions 

Measurements  of  toe  reflected  signal  strength  of  low  power  HF  radio-waves  propagating  through  toe 
modified  ionosphere  have  yielded  toe  first  direct  observations  of  anomalous  absorption  at  Arecibo.  The 
absorption  levels  were  smaller  than  those  typical/  observed  at  high  latitudes  as  predicted  by  theory  (Robinson 
1989). 
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9.  Kiputcs,  *0 

In  Troasp,  a  certain  naxlnun  laval  o f  absorption  baa  baan  found,  at  -  IS  dB  as  far 
as  I  raaaabar.  On  you  hava  a  a  la  liar  kind  of  raault  in  Amclbo? 


AUTHOR'*  BEPI.I 

Experimentally  tha  naxlnun  absorption  obsarrad  so  far  is  approxinataly  <  dB. 
Theoretically,  for  an  lntansity  of  Irregularity  slailar  to  thosa  obsarvad  at  Tronsp, 
tha  anomalous  absorption  would  ba  about  5  dB. 

L.  Doaour,  os 

tha  Aracibo  baan  pattarn  la  such  that  tha  first  sldaloba,  with  significant  powar 
danslty  and  oppoaita  polarization  fron  tha  as in  baan,  occurs  at  about  15°  fron 
vartical .  this  givas  a  possible  sacondary  D-rsglon  haatad  voluna  at  about  tha 
intarsactlon  of  your  proba  vavaa  with  tha  D-reglon.  Tha  ref  era  great  cars  ia  needed, 
such  aa  your  0/x  node  and  tins  constant  conpariaona,  so  aa  to  ansura  that  D- rag  ion 
affects  are  axcludad. 

ADTBOR'S  REPLY 

te  faal  confidant  that  tha  affacts  are  not  dua  to  D-rsglon  basting:  (i)  tha  tins 
constants  in  tha  D-raglon  ara  vary  such  lsss  (-  nlllisacor.de)  than  thosa  obsarvad  (- 
40  seconds):  and  (ii)  tuning  tha  haater  to  X-noda  (and  tha  sldaloba  to  O-noda) 
produces  no  affects. 


\ 


h.  moocxx,  os 


Ton  assuae  iburptlofi  caused  by  etrlations.  Is  it  net  possible  that  larga  ncale 
striations  causa  signal  scattering  rather  than  absorption?  Attar  all  strlations  are 
associated  only  with  O-aoda  heating  and  not  X-eode . 

Ararat's  nm 

Our  results  an  for  O-aoda  heating.  He  use  both  0  a  X  nodes  for  the  low  power 
diagnostic  signals,  as  usually  sea  anoaalous  absorption  only  for  O-code  diagnostic 
and  not  for  the  X-aoda  diagnostic.  However,  fading  rata  changes  an  observed  on  both 
O  a  X  diagnostics,  suggesting  that  scatter  effects  an  observed  on  both  o  *  X,  but 
absorption,  l.e.,  a  general  reduction  in  the  signal  amplitude  la  sean  on  O-aoda  only. 
At  Areclbo  wa  do  son  some  changes  in  the  aaplitude  of  the  x-aode  diagnostic  (never 
seen  et  Transit) .  This  effect  is,  we  thinX,  due  to  the  fact  that  fortuitously  tha 
reflection  height  of  the  X-aode  diagnostic  frequency  ia  the  sens  aa  that  of  tha  o- 
aoda  puap  frequency  and  thus  sons  strange  effects  aey  be  expected. 


(-1 


or  a  muu  mo»uci  umiuin  n  tn  i-«mxos  or  m  lonnm. 
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Danish  Hat aero log leal  Institute,  Dapt.  of  Gaopbyaice, 
Copenhagen,  DK-Jioo,  Danasrk 


Auroral  rag  Ion  Modulation  experiments  hava  shown,  that  strong  electromagnetic  HF  wavss  ara 
generating  short-ecale  f ield-aligned  Irregularities  In  tha  t  region  of  tha  high  latituda 
ionosp bars,  for  ovardansa  conditions  tha  lnctabilltiaa  ara  axcitad  clots  to  tha  raflactlon 
altitude  of  tha  O-aoda  hasting  vava.  Tha  theory  prasantad  hara  for  a  thermal  raaonanca 
Instability  ara  capable  of  explaining  these  observations  for  magnetically  quiet  to  modarata 
disturbed  conditions.  We  consider  tha  dispersion  relation  for  a  thermal  resonance 
Instability,  where  differential  heating  by  collielonal  dissipation  la  mors  Important  than 
tbs  action  of  tha  ponderoaotlve  force.  Thus  special  attention  is  paid  to  tha  transport 
theory,  when  a  constant  ambient  electric  field  is  applied  to  the  plasma.  Tor  Irregularities 
with  transverse  scale  lengths  such  scalier  than  tha  wavelength  of  tha  hasting  vava,  thermal 
nonlinearity  causes  strongly  enhanced  electron  density  fluctuations  in  regions  of  excess 
beating  wavs  intensity.  Xn  tha  region,  where  tha  upper  hybrid  frequency  of  tha  plasma 
Batches  tha  heating  wavs  frequency,  tha  initial  growth  of  irregularities  takas  place.  The 
dispersion  relation  for  tha  electrostatic  response  of  the  heating  wave  together  with  the 
full  theory  of  transport  lead  to  criteria  for  the  threshold  electric  heating  wave  field, 
growth  rata  and  drift  velocity  of  tha  instabilities.  Wuserlc  simulations  of  the  theory 
demonstrate,  the  magnitude  of  tha  threshold  electric  field  as  function  of  altitude  in  the 
ionosphere,  the  magnitude  and  direction  of  tha  phase  /elocity  of  unstable  waves  and  tha 
imfluenoe  of  tha  constant  ambient  electric  field  on  tha  threshold  criteria. 


1  •  xmeeocrxoB. 

Vertical  HP  heating  of  tha  high  latituda  Ionosphere  with  frequencies,  just  below  tha 
plasma  frequency  of  tha  I  region,  have  been  able  to  generate  unstable  waves 
propagating  close  to  the  direction  of  the  drift  of  tha  ambient  plasma  [1,2, 1,4).  Series  of 
experiment a  with  tha  Hasting  Facility  near  TToase,  Worvay  shoved  a  preference  of  HF 
modulation  plasma  processes,  when  tha  ambiant  plasma  Irregularities  were  small  or  modarata 
(4).  Tbs  ala  of  this  paper  la  to  present  a  theory  for  the  observations  dona  during 
magnetically  quiet  to  moderate  disturbed  conditions  (k,  <  1) . 

The  theory  of  tha  thermal  resonance  Instability  la  derived  from  tbs  fluid  approximation 
to  tha  full  dispersion  relation.  Similar  results  for  a  simpler  modal  hava  already  bean 
pa as anted  in  tha  literature  (3,4).  But  since  tha  S  region  of  the  Ionosphere  is  relatively 
danse,  this  paper  will  demonstrate  tha  Importance  of  including  all  thermal  forces  and  tha 
spatial  extend  of  tha  pump  wave  In  the  upper-hybrid  resonance  region.  Thus  section  2  will 
trmat  the  transport  equations  in  detail  and  the  possible  approximations  needed  to  explain 
the  modulation  experiments.  In  section  2,  wa  will  present  tha  electrostatic  pump  wave 
relations  to  tha  electron  density  perturbations.  The  necessary  spatial  axtend  of  tha  pump 
wave  electric  flald  will  be  verified  (•).  (ection  4  briefly  discusses  an  approximation  to 
tha  linearised  dielectric  tensor,  when  a  constant  ambient  convectional  electric  field  la 
peasant  in  tha  plasma.  Finally,  in  section  3,  wa  show  tha  simulation  results  of  tha  theory. 
Additional  wa  summarise  tha  results. 


«.  TO  tUHHR  BOOATXOO. 

To  describe  tha  ionospheric  plasaa,  whan  tha  heater  wave  la  present,  wa  have  assumed 
a  plasma  consisting  of  alactrons,  one  species  of  single  ionised  ions  and  neutrals.  Due  to 
tha  geometry  at  high  latitudes  the  pump  wave  modulations  is  thought  to  generate 
irregular it las  with  a  spatial  extend,  along  the  Earth  magnetic  field  direction,  that  is 
larger  than  tha  parallel  diffusion  length  of  tha  alactrons.  Tha  ions  are  considered 
waamgnetised  and  tha  electron  gyroradlus  is  small  compared  to  tha  wavelengths  of  tha 
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Instabilities.  Together  with  tha  assumptions  that  alectians  and  Iona  bahava  iaotharaal  and 
that  tha  tima  acala  of  tha  instability  procaaa  is  larger  than  tha  plasma  collision  timer, 
tha  sat  of  aquations  dsserlbinq  tha  dynamics  can  divided  into  sots  of  aquations  parallel 
and  perpendicular  to  tha  aabtent  nagnetic  fiald  a,,  figure  1  outlines  tha  gaoaatry  of  tha 
experiment. 


Pig.  1  Tha  geometric  relations  used  in  tha  theory.  Tha  direction  of  the  Earths  nagnetic 
field  is  along  tha  t-axis.  a, a  and  v  fore  tha  nagnetic  meridian  plane,  v  le  in 
tha  vertical  direction,  while  (a,p)  constitute  tha  horitontal  plane.  The  unit 
vector  *,  indicates  tha  direction  of  the  constant  ambient  convectional  electric 
field,  ij  represents  the  unit  vector  of  the  perpendicular  wave  number  vector  of 
tha  irregularities. 


Ths  fluid  momentum  equations  for  tha  electrons  and  ions,  parallel  and  perpendicular  to  1L, 
become  17J 

m,  ‘S?'  -  ♦  P,T,  ♦  v,N,  - 

-m,  V  (  \  ~  *i, )  “  m,  ~  g»  V«T. 

m,  iT1’  ♦  •  V  ♦  V,  *  * 

>  -  m,  *  oT  T.T. 
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m,  it  ♦  •*-  •  ♦  VJ%  ♦  N,VtN.-m,Q.(b  x»,)« 

-m»v  <  v  ~  "».■ TC’.lSxfV 
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«»,  ’iT’*  “  #1,4  *  4,T,  ♦  ^,TN,  ♦  m,Q,(k  x  »,)  - 

*Ve  < i  *  9t,  ) 


11m  taa^eratures  art  defined  ee  A,T,  where  k,  la  the  Boltrmann  eonetent.  4  le  the  electric 
potential  defined  as  ■  •  -14.  I,  la  the  eonetent  electric  field  in  the  pleeaa,  &  la  a  unit 
vector  along  the  direction  of  I,  (£  «  *e/  !■,!)•  v,  ,  rapreeenta  the  electron  end  ion 
velocltiee  In  the  reference  fraae  of  the  neutral  gee.  0,  la  the  electron  gyrofraquancy,  * m, 
represent  the  considered  collision  frequencies  and  R,,  I,  the  Ion  end  electron 
danaltlea.  We  have  eeaumed  a  neutrality  condition  for  the  ateedy-etate  densities  of  Iona 
and  electrons,  l.a.  X—  -  Rlt.  The  therea  1  forces  included  In  the  above  equations  originate 
froa  che  velocity  dependence  of  the  collision  frequencies  and  tha  teaperature  gradients  [7]. 
It  loads  to  the  thermal  derivatives  given  in  appendix  A.  Rare  refers  to  tha  averaged 
electron- ion  collision  frequency . 

Perturbation  calculi  .Iona  together  with  quasi  neutrality  and  the  continuity  aquations 
result  In  tha  relation  for  the  temporal  changes  In  tha  electron  density. 


i.  #•  £]  - 
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» *  and  are  given  in  appendix  A.  They  consist  of  the  product  of  tha  electron  diffusion 
coefficients  and  the  squared  wave  number  of  the  irregularities  perpendicular  and  parallel 
to  the  Barth  magnetic  field.  The  a,  terms  are  also  given  In  appendix  A. 

The  last  term  on  the  right-hand  aide  of  tha  aquation  for  it  Jit  becomes  s  function  of 
tha  diffusion  coefficients,  the  wave  number  vector,  collision  froqusnclc#  and  (f*./*,)*- 
Slnce  the  term  is  of  second  order,  it  is  normally  omitted.  Rut  for  the  whole  possible 
parameter  space,  it  la  not  trivial  to  discard  tha  last  tars,  for  typical  B  region  parameters 
together  with  | itjuj  <0.1  tha  last  term  becomes  small. 

lbs  second  moment  transport  equation,  tha  energy  aquation,  reduces  for  the  electrons 
to. 


.Ifi  Ijb.  m,  fi  £T*  1N.1 
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g  represents  the  heat  flux.  The  cooling  terms  have  been  included  In  f,  and  1,  (saa  appendix 
A)  •  17m  4,  end  4 ,  terms  are  also  related  to  tha  density  and  teaperature  dependence  of  the 
oollielon  frequencies.  Thus  they  will  be  influenced  by  tha  steady-state  boating  of  the 
plaema  caused  by  tba  strong  pump  wave  and  tbs  ambient  convections!  electric  field. 
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Together  with  the  electron  heet  flux  expreeeione,  we  heve  e«tmbli*hed  e  closed  eyotes  of 
equations  for  determining  the  transport  processes  in  the  plassa.  The  heat  flux  equations 

are 


RTF.  "  -  K.*T.7.T.  ♦  0,  [*•  -  »>]e 

H7T,  1,  -  -  k’T.vT,  -  K*[i  xT.vr.j  -«,[h»  [*.  -  *,  J 

Th«  thermal  heat  flux  coefficients  Ij*,  (*  and  K*  are  defined  as 

«.*  - 

K  *  -  A/  r,* 

K*  “  W* 


The  approx leat lone  to  the  transport  constant,  A|  and  A1(  for  the  conditions  in  the 
ionosphere  are  given  in  appendix  A.  t(  is  the  seen  free  path  of  the  electron  and  r,  is  the 
electron  gyroradius. 

Substituting  the  expressions  for  the  heat  flux  into  the  energy  equation  gives  the 
folloving  result 
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I,  I  ,  l1iX  ,  l,  j  and  ltl  are  given  in  appendix  A. 

The  next  step  is  to  express  *0,  •»  density  and  teaperature  fluctuations.  The  heat 
source  are  divided  into  two  terns. 


ao,  -  aa,  +  ea4 


<0,  is  the  differential  heating  of  the  puap  wave  and  4Q,  the  ambient  heat  source  of  the 
currents  in  the  plasaa.  In  section  3,  a  relation  is  given  for  the  differential  heating  in 
the  resonance  region  and  the  density  fluctuations  for  a  linear  electron  density  profile  in 
the  interaction  region. 

Perturbation  calculations  of  the  closed  set  of  equations  gives  the  characteristic  equation. 
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Tha  threshold  for  tha  Instability  can  ba  found  for  y  -  0  or  7  •  -A,  wfcara 

A  -  i[o-  [$«„♦  «t]] 


TTm  thrashold  condition  for  marginal  growth  of  tha  instability  bacon** 
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Solution*  to  tha  thr**hold  d*p«nda  on  tha  sign  of  cy  and  tha  aagnituda  of  mt,  which 
rapraaant*  tha  phaaa  valocity  of  tha  ur.stabla  vavaa.  For  «r  -  0,  tha  growth  rata  bacon** 


\  -  k  *  -K]  -  io  Jn.t.] 
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M 

for  mr  •  0  and  a,  <  0  ,  tha  growth  rates  increase  for  increasing  g^.  While  tha  growth  rataa 
decrease  for  t,  >  0  and  for  -• 

kl:  kL+ 

for  w,  W  a  ,  ww  find  tha  growth  and  tha  phaaa  walocity  to  bacoaa 


«T  <  0,  tha  lnatabllltlaa  will  only  hava  tha  phaaa  valoelty  of  tha  alactron  gaa  cauaad  by 
tha  aablant  convactlonal  alactrlc  (laid,  for  t,  >  0,  tha  thraahold  condition  and  tha  phaaa 
valoelty  bacoaa 


*.  TKM  Un  WQOhTIO*. 

•*•11  danalty  perturbations  craata  togathar  with  tha  strong  puap  wav*  fiald  a  polarization 
charge,  which  gives  risa  to  tha  alactroatatlc  field  fluctuation  Under  tha  assumptions. 


t  la  tha  dialactric  tensor  and  tha  constant  puap  vava  fiald.  neglecting  higher  order 
perturbation  taraa  for  a  quasi  >na  dlaanaional  modal,  gives 


She.  -  £-7JL71^(e-.+  ,ye-») 


X  and  V  are  given  In  appendix  B.  Tha  above  ia  valid  for  alow  spatial  variations  in  t. ,  aad 
for  (m/X),^  •  Vy^  -  |«v,| ,  where  Jv,  rafars  to  velocity  fluctuations  in  tha  electron 
population. 

Ms  now  want  to  find  a  relation  between  I,  and  <Ha/M,  at  tha  level  of  tha  upper-hybrid 
resonance.  In  thia  region  tha  real  part  of  tha  refractive  index  goes  to  infinity.  As  the 
wave  approaches  tha  resonance  region,  both  its  phase  velocity  and  group  velocity  goes  to 
taro,  and  the  puap  wave  energy  is  converted  into  upper-hybrid  oscillations.  These  waves  will 
in  a  inhomogeneous  plasaa  be  absorbed  in  tha  resonance  region. 

For  perpendicular  propagation  of  the  punp  wave  to  I, ,  resonance  occurs  for 


R  ♦  L  0 


II  and  L  are  given  in  appendix  B.  To  sisplify  the  conditions  at  the  resonance  region,  wa 
assume  the  electron  density  to  be  linearly  dependent  of  the  altitude  h, 


X  -  (l-v,)(c*TI) 

h.-  (ii?)" 


This  gives  a  relation  for  the  pump  wave  electric  field  and  the  electron  density 
fluctuations . 
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The  differential  heating  amounta  to 

Q  -  2«**  « 


•hen  taking  the  upward  and  tha  downward  propagating  pump  wave  into  account  in  the  resonance 
region  [S,«],  the  differential  heating  becomes 


M 

(■bar* 

5  -  8»»I,L  exp(-2kLl)  co*a 

ff  “  r9ina(«- frcos’tf) 

+  i^(l-r*)axp(2kLl)  +  2rcoavjicBfn(2i) 
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a  la  tha  angle  batvaan  vertical  and  tha  dlraction  of  tha  constant  aablant  magnetic  flald 
a,,  t  ia  tha  angla  batvaan  tha  aagnatlc  aaridian  plana  and  tha  puap  vava  alactrlc  flald. 
rignra  1  outllnaa  tha  gaoaatrical  ralatlona,  vhan  tha  aagnatlc  flald  coordinate  systaa  la 
tiltad  with  raspact  to  tha  Earth  rafaranca  fraaa.  f  ia  tha  angla  batvaan  tha  puap  vava 
alactrlc  flald  vector  along  tha  x-axis  and  tha  constant  aablant  alactrlc  flald. 

In  (*]  they  show  that  tha  diffarantial  heating  calculated  this  vay  gives  tha  sane 
result  as  for  tha  full  tvo-d lawns Iona 1  analysis. 

■•calculating  tha  above  expressions  for  tha  differential  hasting  of  tha  puap  vava  vith 
tha  sod if lad  dielectric  tensor,  given  in  section  4,  result  in  tha  belov  equations. 


vtiere 
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2rsin»  •  Va  ♦  TV,  j 
+  £(l*r,|exp(2kLi}  *  2rcos»  J 
[iv.-|vt.  r*v.i *|V  v.jji-r’jcosVr-rv,] 


All  tha  Vj  terms  (sea  appendix  B)  arc  relations  of  tha  geometry  of  tha  experiment  in  tha 
resonance  region,  tha  dielectric  tensor,  la  and  I,. 
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«.  m  unuiic  oxcjktuc  tDM. 

In  »oet  theoriaa  tha  local  dlalactric  tanaor  with  no  exturnal  forcaa  ia  uaed  [*,*).  In  order 
to  taka  account  for  tha  anbiant  alactric  field*  influanca  on  tha  inatabllity  thraahold  and 
growth  rata,  ve  hava  calculatad  a  linaarltad  dlalactric  tanaor  f,  where  praaaura 
part  ur  bat  Iona  and  tha  forcaa,  dua  to  tha  aablant  convectional  alactric  fiald  I,  and  tha  puap 
vara  alactric  fiald  parturbatlona  only  ara  ralatad  to  alactron  danaity  fluctuation*. 
The  axprasalon  for  f  ia  only  valid  for  lonoapharic  I  region  conditlona  with  a  aodarata 
vortical  alactron  danaity  gradient  and  for  a  phaaa  valocity  of  tha  puap  vava,  auch  larger 
than  tha  alactron  thermal  valocity  of  tha  plaaaa.  for  magnitude*  of  *,  amallar  than  tha 
aagnituda  of  tha  puap  vava  alactric  fiald  f,,  va  find  for  tha  raaonanca  region  the  currant 
fluctuatione. 

I  •  •  '5>a,»i  - 3^|a,  6J v| 


ia  tha  angular  plaaaa  fraguancy,  u,  tha  angular  cyclotron  fraquancy.  Tha  approxlaatlon 
to  tha  dlalactric  tanaor  gata  tha  fora 
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».  aiarruiTica  trauLT*. 

Da  parforaad  nuaarical  alaulaticna  of  tha  tharaal  raaonanca  inatabllity,  aa  daacribad  in 
tha  abova  aectiona.  Soaa  of  tha  raaulta  will  be  praaantad  hare. 

All  tha  aiaulatlona  hava  bean  done  for  tha  Earth*  magnetic  field  tilted  12  dagraaa  with 
vertical.  Thia  ia  tha  gaoaatry  in  tha  ionoaphara  at  tha  latitude  of  Troeaa,  Norway.  Tha 
angle  8,  defined  aa  tha  direction  of  tha  puap  vava  electric  fiald  vith  reapect  to  tha 
■agnatic  Mrldian  plana  in  tha  raaonanca  region,  ha a  bean  fixed  to  4$  degreea.  Tha  phaaa 
ahift  between  tha  upward  propagating  vava  and  tha  reflected  vava  ia  kept  equal  to  aaro,  l.a. 
tha  lovaat  thraahold  condition  ia  eatiaated.  Tha  colliaion  frequanclaa  and  their  derivativaa 
ara  deduced  froa  tha  colliaion  aodela  glvan  in  (9,10).  Furthermore,  tha  eompoaitlon  of  tha 
neutral  ionoaphara  haa  bean  derived  froa  tha  CIRA  1972  reference  ataoaphera  model .  The 
electron  danaity  profile  uaad  in  all  tha  aiaulatlona  aquala  a  auaaartien  profile  at  high 
latitudaa. 


no 


rig.  1  thraehold  of  th«  horizontal  puap  wave  f laid  aa  function  of  altituda  for  10  a 
mvalangth  irregular ltiaa .  Tha  calculation!  ara  dona  for  a  aabiant  convactlonal 
alactrio  tiald  «,  of  10  av/a. 


Fig.  1  Magnltudaa  of  tha  drift  valocity  of  tha  atriations  aa  function  of  altituda. 


Figure  2  shorn  ths  threshold  pusp  wavs  electric  field  |E,  ,*|  is  (unction  of  ths  sltltudi. 
ths  psrpsndlcular  sells  slia  of  tha  lnatabllltlaa  Is  equal  to  10  a,  while  tha  parallal 
length  equals  tha  diffusion  length  of  the  electrons,  which  in  turn  la  a  function  of  tha 
altitude. 

Below  the  altitude  of  »5  ka  the  growth  rates  for  all  scale  sires  rZ  tha  unstable  wavaa 
bsooeaa  so  saall,  that  dasping  procaaaas  will  stabilize  tha  plasna.  for  altitudes  between 
•S  ka  and  110  ka,  increasing  T(  in  tha  heated  voluae  gives  higher  threshold  puap  wave 
electric  field  for  |«/k|,„  -  0  (graph  1  and  2).  While  for  |u/k|„,  >  0  ,  the  threshold 
decreases  (graph  1  and  4)  for  tha  ease  altitudes.  The  calculated  thresholds  la  obtainable 
with  the  Heating  facility  In  Trosae,  Norway.  In  fact,  Instabilities  can  be  generated  up  to 
an  altitude  of >110  ka  with  the  Heating  Facility.  If  tha  enhanced  T,  is  caused  by  tha  heating 
wave,  the  plasaa  say  grow  unstable  for  relatively  high  threshold,  for  |u/k|lrr  >  0,  since 
tha  threshold  wave  field  to  salntaln  the  instability  is  snaller  than  1^,’!,*^,  shown  In 
graph  1  and  4.  But  this  depends  strongly  on  ths  aagnitude  and  sign  of  «,/«,,  given  In 
section  2,  and  the  growth  tins  In  reference  to  the  response  tiae  of  the  please  to  react  to 
the  strong  pusp  wave  sodulatlons. 

In  general  ths  growth  rates  Increase  with  altitude.  We  find  growth  tises  lees  than  a 
second  for  optimal  conditions  in  altitudes  froa  102  ka  to  lot  ka.  For  shorter  wavelengths 
of  the  unstable  waves,  the  average  growth  tiae  can  be  lass  than  100  as .  The  growth  times 
decrease  for  Increasing  aablent  electric  field  ta. 

For  b  <  110  ka,  the  growth  rate  varies  strongly  as  function  of  D„.  Thus  the  strlations 
have  to  have  a  parallel  scale  site,  which  is  larger  than  tha  diffusion  length  of  electrons 
along  I,.  This  means  that  / 1  has  to  be  at  least  of  the  order  of  O.S  ka  to  1  ka. 

Figure  2  gives  tha  phase  velocity  of  tha  unstable  wavea  in  the  rest  frame  of  tha 
ambient  current,  driven  oy  Tha  magnitude  of  1  a  waves  are  in  agreement  with  tha  measured 
phase  velocities  [4]. 

Figure  4  shows  tha  influance  of  1,  on  the  threshold  pusp  wave  electric  field  | - 
The  angle  f  has  bean  sat  to  taro,  i.a.  tha  aablent  electric  field  la  along  tha  direction 
of  the  puap  wave  electric  field.  In  general  we  eaa  an  increase  in  the  threshold  conditions 
for  increasing  la.  While  for  11S  km  <  h  <  12S  ka,  decreases  for  S  mV/a  <  |*,|  < 
20  mV/m.  The  decrease  amounts  to  5  t  for  |Ba|  -  12'  sv/a.  For  another  geometry  of  tha 
experiment,  it  is  possible  that  even  larger  changes  occur.  Hera,  wa  have  only  analyzed  this 
geometry  to  verify,  that  It  is  possible  to  decraasa  tha  threshold  puap  wave  field  for 
Increasing  la. 


Fig.  4  Tha  relative  change  In  tha  puap  wave  threshold  field  as  function  of  tha  constant 
ambient  electric  field  8a.  The  given  data  are  for  1  a  wavelength  irregula*. ltiaa. 
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Ns  have  presented  the  theory  tor  tho  thermal  resonance  Instability  in  the  t  region  of  tha 
high  latitude  ionosphere.  We  have  deaonstrated,  that  differential  heating  by  colllsional 
dissipation  is  acre  iaportant  than  processes  caused  by  the  ponderoaotiva  force.  For 
ovardensa  B  region  conditions,  tha  theory  are  capable  of  explaining  tha  observations  dona 
for  aagnetically  quiet  to  aoderate  disturbed  conditions,  for  aost  paraaetar  space, 
increasing  eablent  convectlonal  electric  fields  enhance  the  threshold  of  tha  theraal 
resonance  instability. 

In  all,  the  theory  shows  that  axlating  heaters  can  aodulata  the  B  region  of  tha 
ionosphere  for  the  presented  inetabillty. 
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SUMMARY 

TW  »aak  Ua^mir  turbulence  appceatk  to  wpUia  tha  arlUUkJ  pWm  Hat  la  Mnoapharit  radie 
■Mtttfratofaa  eipe rrimatoa,  ia  eLami&ed  The  mathematical  modal  k  a  veraiaa  to  the  om  dtmnuioaal 
liUawf  aqutoiom,  belvdfag  damping  aad  a  uaeUnaar  w.  driving.  Numerical  Ml  warn  aefatfana  to 
tkk  at  ml aquation*  art  compared  with  Um  aatur  atlen  epee  trum  determined  by  a  wave  kinetic  aquation 
flari'kd  frta  the  anna  art  at  equalkma.  Wa  found  that  a  dkUiee  below  the  O-modt  reflection  kart, 
•  -*>»  (m/¥  («  applied  frequency;  ay  ptomt  frequency;  m,  M  electron  and  wa  maeeea),  the 

Ml  mam  eatuliea  k  la  food  qualitative  hjwmmI  with  Ota  cascade  theory  The  lumbar  at  cascades 
M  alkfiii  mam  eolation  k  generally  emalhr  tha a  that  d  Ik#  etourelioa  epwctrum  at  Ika  wave 
fetortx  nqntoma  Oa  ika  ether  band,  la  tka  reflection  region  w  -  <  (m/Jd)wr,  a  qualitatively 

AAweto  pww  Uia  pines,  <toa criheMa  aa  aup  locaHmd  cycle#  of  ikwhIm,  (aaa  dimeaaloeal 
driven)  calk pm,  m d  tonea,  atzailar  to  Um  reeuJte  ad  Docks  rt  el.(l}.  Tkaaa  lading*  art  dkcuaaed 
•kk  respect  to  ika  enparfamtot  pmimtmd  la  Areclbn  a ad  TVesne#. 


1  INTRODUCTION 

Tka  ceneatoiMMffy  accepted  theary  far  Ika  piaame  proem#  raapcakbta  far  Um  artificial  plaama  Em 
backet  tolar  ia  iaaanpherk  radio  modifies!  ion  experiment#  (a. g.  (I]  aad  [!)),  k  tka  weak  Langmuir 
tarbukace,  ar  Canada  theory,  aa  developed  la  a  $,  Knier  aad  Vafao  [3],  P»j*r  aad  Kuo  {4],  aad  Pat  kina 
to  at-  (If.  Tkk  latorpaataUaa  k  presently  being  debated.  Piral,  tkara  are  cart  ala  features  obaerved 
la  Um  experiments  tkto  ara  art  ooaakteto  vHk  tkk  kind  at  l Wary  la  ^articular,  tkk  ceararaa 
Um  akaaraad  Wight  la  tka  ioaoapkara  from  a  kick  tka  plaama  Eaa  comae  f4’.(TJ.  Second,  tka  ahova 
—Maned  p*ct ara  Wa  rurrtlj  kaaa  challenged  theoretically  [9-11]  Tkaaa  author*  claim  that  tka 
Mar  ad  i  Umery  kaa  a  mry  Ibuitad  mJidity  aad  maat  ka  replaced  toy  a  theor;  at  strong  Langmuir 
tarkatoaea.  According  to  tka  latter  tkaor>.  tka  turbulence  coaakto  of  a  tor  ft  enwdiet  of  localised 
eye  he  at  sachet  lea,  Langmuir  collapse,  aad  hereout. 

TW  abjactisn  at  tkk  praaaaUtica  k  to  report  a  toady  of  tka  question  of  internal  ca adtoracy  nwa 
ttoaad  ak»i'».  Tka  art  to  equations  known  aa  tka  Zakharov  mode!  jl?|  k  a  ortl  atudird  mathematical 
Modal  that  coataiaa  tka  bank  atotoaata  ahxk  ara  of  importance  in  a  Langmuir  turbulence  driven  by 
aa  toartriagiMtical  ftaU  aciflatbg  mat  tka  plaama  frequency  With  reaper i  to  the  pnaant  applxa- 
•aaa  to  iaaaapkark  radio  modifrcatMa.  tkk  modal  waa  krat  invoked  by  Weather  all  at  ai.  [Ilf,  and  tka 
mmm  Modal  aaa  atoo  aaod  ky  tka  Lea  Alamm  group  jl-lli  Thu  mode!  certain! v  contain*  tka  relevant 
todiad  panntrk  Mtoaoalitira  (14],  aad  furterfamore  *Jio«r  tha  cotutrurtwa  of  a  cascade  t Leary  m  a 
•ap  caopktcly  aimitor  to  tkto  da *e toped  ia  [3-5]  aa  will  be  demoartratod  below. 

Oar  apardit  aka  aril  tkaa  ka  to  compute  mi  merle  ally  the  Fourier  epeetrs  to  foil  wave  aofutioaa 
to  Ika  XakWraa  tidal,  tkra  «*npu»t  tka  Mtvretijr  apectxum  from  tka  wave  kinetic  equal  wo  tkto 
it  dkrivid  from  Um  Tdikwe  modal,  ia  order  to  compac*  tkaaa.  A  toudy  to  tkk  kiad  aaa  racaaUy 
Wpoitad  ia  (15].  However,  dome  author*  rnaaidared  tW  initial  mtoa  problem  far  a  cooaaraatiea  varaioa 
to  Um  latkawa  modal.  TV  pa  mb  at  aark  diHert  by  coaaideri&f  a  atraioa  to  tka  Zakharov  modal  which 
iiiotaloa  doTtpiag  tanaa,  aato  which  ladadm  a  pamptog  -MriikUag  afacinc  Aaid,  tkua  giriwg  a  drives 
aad  damped  ajtoam 

TW  ampkat  widbaaa  tkatobet  totkapacamotar 

AOmm-*^,  (I) 

afram  «a  k  tka  fra^mey  to  Ika  pump,  aad  oy  k  tka  lacal  plaama  fraqaaacy.  Sace  w,  dapaadi  aa 
fraigfrk,  AO  cm  ka  kdarpratad  at  tka  height  relative  to  tkk  refraction  level  w  -  M,  of  Um  ardVay 
pafariaad  pomp,  being  pekttoa  (aigalive)  baiow  (above)  tka  reflect  wo  kvd. 

Mr  a  poartrta  va hw  to  AO.  tamapimduig  to  a  height  below  tka  rcfleeUoa  level,  a  decay  iaafahrtity 
ail  atort  ap  araaad  a  cartaia  wave  autobar  rnketad  aaiqualy  by  tka  rvaoo'-JK*  romikka 

aad  Um  ifipp  tmm  raiaUaa  (am  Bq.  (f)  betow).  A  natural  axpactotioe  k  that  whee  AO  k  Urg* 
aaaagfc,  tkk  iartabJty  wdl  aaWrato  by  caaradhig  Into  lurramlvaty  atmUor  wave  m  rabaru  to  oppcaiU 
dgaa  -ky  <  ki,  by  <  -ky,  each  mtitoylng  tka  raawaaa ra  coaditiou  foe  parametric  daray  from  Um 
foiMir  mode,  aad  tka  (B^cntoa  ralaHna  Tkk  picture  waa  in  dead  qualitatively  varHV.i  b)  our  *oQ 
vast  atootwa,  altkough  Um  aamdber  to  caocarfaa  tamed  out  to  ka  amalier  tkaa  tkto  pradktad  by  tka 
rarraapen  llng  warn  kinetic  theory. 

Oa  tkertker  hand,  la  tka  reflection  region  AO  s  0,  tka  expectation  k  tkto  tka  my  lent  Inn  procaaa 
Waertbavl  fa  (»}  wil  dnmiartv.  Our  anmarkal  raaoka  cact/lrm  theee  earlier  flndtagr,  and  alee  akow 
tkto  tka  wave  aamkar  apactram  produced  fa  tka  AO  *  •  ragioa  k  brand  wtoogh  to  contain  tha  wave 
ksgbta  detected  bp  tka  badtacaMar  radara  need  fa  tkk  type  to  exparhnaota,  each  m  the  E1SCAT  VH7 
radar  (aaa  Tig.  f). 


I 


3  ZAKHAROV’S  MODEL,  AND  A  CASCADE  THEORY 

Tto  wntw  of  tfca  «m  bUwmi  ntUm  that  b  i»M>rl»i  (w  lha  pvaaa  *  wart, 

Ik  ■■■  dbtamhmal  mviahba  bn  bam  katmdarad.  tad  lhak  taba  «n  b«m  la  Thbb  1, 

Itgakhm  wkh  ibk  WfwJUbU  hr  lypbai  nhw  af  lha  Uw«fWW  F-«og*aa  pkona  pttirairi.  The 
tbrtrW  iaM  b  fttPltd  at  (V  ♦  f»)«ip<-W4)  ♦  am.,  »Wi  f*  b  lha  iaftalU  atn  br^h  d/irtng 
tladrk  taU,  ytltrittd  afcmg  U»  a-dimOaa,  iba  eompb*  mhiod  r(a,l)  npfwr.u  tha  ptnirM 
patftial  alartrit  i*U,  tad  lha  rati  mlyad  a<a,f)  rapraaaaU  tha  qnatioautra!  dew  Urm  aok  ab tint 
daaklj  pattwhathm.  Tha  pw—Mw  *,•%,  ami  All  an  Um  rWctr&a  »ad  ba  danptof  ratal  ud 
tha  Mm  — Umad  fcayetty  mhaaM  A,  — atjwd  k.  uiU  af  %  1  of  T*U«  .  Tb«  brartata  tha 
btl  harm  atf  E*-(2*)  matt  ipatjaJ  mm  rah*  a  tk  f  art  cboma  u  bn  nus  miua  by  ekim, 
thaa  ihia  iwt  M  ht  ied'jcbd  b  raaoUtaacy.  TVia  forrrulaib*  aaaurta  that  th*  dri*rt.g  flak*  ft,  b 
■U»lb  mrtnihd;  If  f  am  aQowed  to  ham  a  a**vani*h!n|  moan  rai-t#,  (ha  drivmf  fl*M  «wU  ba 
f»  +  <  X  >,  it  A  WUI  bo  aHf  *nadify.Af.  which  would  ao*  ba  appropml*  fcrt  th«  proraat  that  vt 
with  W  iamatlgata. 


%  ■  (l/^KJd/^Xi/av)  a  16  a 

all* 

£,.f(m/|f)‘/»(j|wwaT</l<#)»/>  sinv/a 
M .  «  *r»m,/llf  a  J  15  !#»  o'* 


•  t  ■  I  ♦  XT./T* 

•  r.,T.  «hrtwa  awd  ha  Imptbarw 

•  I#  Pahpt  bight 

•  a,  hkaricfc  —war  1  tf  bm  apMt 


•  a,  bkarl/fc  —Mr  H  • Ikwt  apMt 

Tbh~  1  P*ha  •»  th*  qattUHaa  mwh|  ka  Via.  (J).  Tba  ■•r&rrf-ai  wha  co.rmpc*d  W  a  plttnt 
with  ahKtovw  iiaalii  a.  -  Ml"  m~M,  abetraa  limpwMtra  T,  ■  lOC^A,  im  UmperaUro  f,  »  T./2, 
wad  m  m am  aamtav  27  (mixtam  af  two  qaartar  af  0/,  md  ihraa  of  *0*  ),  baling  U  m 

a*mUm  am  rwba  M/m  *  4  It*. 

A  Aprrbta  Matloa  which  blwabm  Um  grwwth  raia  «f  lha  paramatark  dacay  LaUbiBty  eat 

aaaVy  ba  drdacm  bam  I*.  (7):  Aammlag 

*  -  *•".«**)+*<•).,*#,)  ♦  ■<-' 

(i) 


wham  lha  F,  aath fy  Uw  i 


m,-fb^4AO-hfw  —  ■  ■  IV  ~  hf  1  *?.f  —  ■  , .  f|) 

**  (i  -  W*  -  -  *»iT  -  (h«  -  h,/1 '  ' 

Fblhf  f***  d^ha|,M|a|,(J)  lirowt  lha  fcpirAia  rabUow  tot  Iba  pmtmrWrk  daeay  of 
«ha  (wap.  tiara,  lha  fanmabthm  (J)  aba  alowa  a  tMgmair  wwaa  of  ampLituba 
hi  Wh  twd  warn  tattW  h*  U  ba  Urn  aaaU.  m  wwaa. 

Owa  c  aU  aba  aaa  «m  #  •  b  lha  pamg,  bt  at  aamly  ataa  from  fcqa.  (J),  l hit  fraqoaacy  cm  ha 
iadwdad  it  AO,  wmacaa  wHh  to  baa  of  put  r  t  t  ib  etUrnwJ  pa^rp. 

0amf  lb  roaawatna  cawditioa  awd  lb*  dwpamoa  ratal  wo  <  5)  (it  which  lha  aotilin+ar  coupling  aad 
damfiag  a  tagbetad),  m  fada 

*.(An)s±j(v4An*~-i)  (•) 

lav  tha  warn  awubat  af  lha  frrat  decay 

O*  lha  baaw  of  Bq.  (I),  cm  cat  bcnaUn  a  worn  h in* tic  aqw^iwt  it  t  way  paraBd  to  that  af 
brliai  «i  U.  (IJ.  ft  rwh 


Of .  -  *m»)  +  L  *(».  m*’)|  /<*). 


Utl.il  V  **>->') HP _  ... 

m '  H&a -rvy - »>j* -f (AO- h >■►?(»)  ' 

m(k*)-  *'(a‘!(4  _  *<)i  i(l|.  +  (k  +  n)  m 

•ad  tw  apaetnl  bkadtr  k  /(»)  a|  *(t)  |*.  lit  itta  ■*<*)  «ad  U(k,k’)Hk')  in  drtwmiaid  »  Um 
imaginary  pvt  a f  *1  m  detoraiaod  by  (1).  fotowiag  Krwer  aad  VsJoo  [1]  aad  Pstkins  «t  aL  [5]»  Um 
additional  approximation  of  neglecting  Um  Imaginary  part  at  «i  when  U  occer*  ia  Ui«  denominator  at 
(ft)  k  an&ad.  y^k)  k  obtobwd  by  awfg nim*  ft,  *  0,  -»  Jfe,  ft,  -  k,  while  «K*,  V)  »  If  (ft,  **)/(*') 

k  obtained  by  amigalng  r  Kfft1),  ft,  -  tf,  *,  ft,  Aft  m  ft  -  ft*.  Koto  that  to  (•),  km  art 
considered  k  dtpwtot,  thus  iDcnring  kfoatkaliy  datomiaod  Laadaa  damp! ng,  base*  ^  occurlng  la 
(2)  should  be  considered  m  Qatar  operator*  (coavototiotia). 

Koto  that,  baidn  the  random  phase  approximation  whkh  load*  to  a  Ml  of  equation*  Uks  (T)  fas 
tom  of  tbo  w*r*  intensities  aloa*.  Ikon  an  also  drastic  approximation*  behind  tbo  growth  rato*  (I), 
la  particular,  Um  approxlimtloa  kadfatg  from  (8)  to  (I)  maatloaod  abort,  require*  that  Um  growth 
itwa  7  aalkfea  7  <  •%.  tbia  Baa  behind  tbo  istorpratatioa  of  tba  aataratioo  marhaahar  aa  'non&aaar 
Landau  damping'  (Knar  mi  Vafo  Parkiaa  at  a L  (8)).  This  condition  wiQ  aot  new  inly  bo 
satisfied  at  high  latomitka. 


S  NUMERICAL  RESULTS 

ta  order  to  aoto*  tbo  aaft  of  oqaaUsoa  (1)  nenwricafly,  at  aarana  ptrtocDc  boomdary  condition*,  and 
apply  a  paewdn-apoctral  method  to  aoht  far  Um  fcrtt  component*  of  K  aad  rt,  at  aaeb  Una  atop. 
Tbo  method  eh  ear*,  h  a  ate  cad  ardor  ezp&H  admrn,  and  fa  a  variation  of  tba  method  praatntod  by 
Papa*  at  aL  [17].  tt  b  again  Import  sat  to  aoto  that  tba  damping  decrement*  **>,  art  assumed  to  bo 
ao«- local  b  configuration  apaca  (eanvototioca),  and  base*  product*  la  war*  number  apace. 

Tba  fettoariag  change*  mast  ba  made  la  tba  Payot  at  al.  [17]  method,  la  order  to  aoto*  oar  particular 
choke  of  Zakharoe  modal  ta  tbatr  1%  (I):  k*  -  k9  -  AA,  and  (a*)* -» fn{K  + Ko)- 
<  ail  >fa.  la  that*  B*.  (T):  M  ->  M+K+.  IWa  wtt  lead  to  a  number  of  chaagas  la  the  rewriting 
algorithm. 

Tbo  ware  kinetic  equation,  Ip.  (TJ,  la  aotoad  by  anaoaa  of  a  atoadard  factorial  fourth-order  Kongo* 
KatU  math 01(04.  Burden  aad  form  (II)). 

Tba  apoclnl  method  am*  *pfed  with  Jf  »  111  grid  potato.  Of  the**,  only  146  of  tba  Fbwfcr 
made*  (caatarad  aroaad  ft  •  t>  war*  used,  tinea  for  a  quadratic  aoaliMarity,  1/S  of  tba  mod**  wffi 
aatar  from  aHaafng  mat*.  Altai,  w»  atari  from  a  low  backgrouad  aoto*  total  la  tba  T.  if  nmif  war* 
Pearler  coeupotMBto 

f(ft,i«|).ilttcp(Strtfa)>  (t) 

wbara  A  «  g*  mi  #,  la  a  raadoo  amfermly  dbtribatod  oa  (1,1).  The  ioa  doaalty  fhictaatioaa 

aft  Is#  are  aaaamed  to  ba  aara. 

la  tba  Kuage-KatU  aotottoa  to  Eq.  (7),  we  dtooaa  It  =  $40  coopiad  coopted  equation*  to  be  aot  red 
a'mnhiBoo—fr.  Tba  toHlal  coadition  ie  takea  aa  I(ktt  =  0)  =  A9,  for  the  an  choke  of  A  m  ia  Eq. 
(•) 

Tba  damptag  operator*  la  fouler  epace  are  cboeea  to  ba  the  following;  Fbr  tba  alactroaa  w* 
aa*  a  cotQalooal  type  dompiag,  rM  *  1.7  (7M  Ha  la  physical  unit*),  and  the  linear  electron  Landau 
damping.  The  loa  damping  a  choan  aa  the  coffi*ionk*a  damping  of  ioo  acoustic  waves,  obtained  from 
Ibuar  kiaatk  theory,  Tba  kaght  al  the  tjnua  ia  £  ss  1 12.8. 

la  Tip.  1-1,  we  show  earner  kaJ  aoto  ike*  to  the  fall  was*  modal  aad  tba  weak  terSuknce  appeoa- 
knatien  he  different  pump  powara  We  bar*  choaaa  tba  frcqnaacy  miamatch  to  ba  AO  *=  1I1M  ia 
tfrrw— iouhea  aalt*.  Tbia  partkular  choke  will  enure  that  tba  Aral  decay  mod*  k%  aa  datarmiaad  by 
(•)  k  detectable  with  the  B3CAT  VHP  radar  (he a/  =  2h*  =  12.1  ia  dtnwaek-ka*  aalto,  wbara  la 
k  tba  radar  mm  amaber). 

fig.  1  Umwb  tbo  reaulto  tor  a  paav  Uactrk  Wdof  I#  *9-8,  which  gtow*  a  ratio  P  *  KS/*!a  *  *-* 
boiwaaa  the  pump  power  aad  tba  tbraabcU  power  far  onaat  of  tbo  paramatrte  decay  tooUbflrty.  Hare 
we  aoto  tboft  both  tba  fU!  awe*  aatortioa  aad  tba  warn  kiaatk  eolation  yield  caaead*  apoetra.  Tba 
•podag  batwaaa  tba  taacadea  la  rawgUy  tba  same.  Aft  s  I  aa  pncBctod  from  the  M(k,  ft^tora  la  lb* 
weak  turbuknea  modal  Koto,  however,  that  tba  eolation  to  tba  fuD  warn  model  glee  tower  caaead** 
than  what  w*  gat  from  tba  weak  turbekoe*  approxfenatkw. 

Pig.  S  to  tor  Jo  «  1.78,  a*  a  power  ratio  of  P  a  I.  Again,  tba  Ml  wwve  aolutioo  prodacaa  tower 
eaocodaa  tbaa  tba  weak  '.erbuheae*  aolutioo.  Purtannoce,  tba  Ml  wave  aolntioa  exhibits  weak  vp> 
shiftad  feature*,  the  ao  calkd  Aatl- Stokes  Base.  Koto  also  that  we  atari  to  aa*  a  continuous  band 
of  aarilalkiaa  be  tweet  tba  rnaaadw  from  tba  Ml  wave  aoluiioo,  which  ia  aot  praaeat  la  tba  weak 
tarbatowoe  reaelt*. 

Pig.  1  shows  a  ccnfwrkea  bstwam  tba  two  model*  tor  JR*  *  1,  or  a  power  ratio  of  P  w  t.  la  tkk 
um,  wa  an  theft  ia  tbs  weak  turbukoee  spprarfmatluo,  tha  caacadaa  extend  dowr  to  ft  a  t.  Tbia  la 
tba  *  saga  wh  rnaifaiwtos,  awd  awe*  tbk )» raaebad,  the  weak  turbokac*  approximation  to  no  longer 
awfid.  Oar  Ml  wove  teauK  ia  tbto  cam  atitt  cibibita  a  raarada,  bet  tba  enwtiaaow*  band  of  exebatiowa 
to  maeb  more  pnmiaaaL 

ia  Pig.  4,  we  aaa  a  eampartoew  betnaea  tba  total  ctoctroototk  Laognmir  warn  aaorgtoa  tor  a  driving 
geld  of  Bo  at  1. 

Pip.  8-7  show  cakelatlona  far  AQ  *  I,  corroapowAng  to  tba  refection  region  b  tba  baoeybirte 
KP>baatiag  expariawsta.  Tba  pump  ftald  to  ebaeaa  to  b*  JS»  s  L  la  the**  solution*,  wa  aaa  tba 
cavtton  nachation  cofepaa  baawt  cyckal*  daartlbed  aarikr  by  Pooka  at  al.  (I)  In  a  onadimanabnal 
traatnwat,  and  laani  aftal  (•]  and  DuBoto  at  aL  (10,11)  k  aaX.  dbnenatonai  treatments. 

la  Pig.  8,  wa  aaa  tha  was*  naober  apytrom  far  tba  Langmuir  waant,  for  tba  f*By  daaakyad 
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,trl,  ^  vQi  aUrt  to  damp  ow^.  8mh  of  jm  dandly  dtprwaism  «Mf  brmft  b*a  *»•  kw- 
„,r-)  yryagat-l  b  appodte  (Snctiooa.  Al fan*  tkna  baUart,  ths  indty  iifflu  H*b 

bi  ths  canrl  farm  b  0  troppad  «•»■***<  •b1  «^k  ***•  *•***- 


4  CONLUSIONS  AND  DISCUSSION 

Of  wricil  aU dy  ■■nw^nf  two  Gg*nai  machaabcas  by  which  0  I  if— k  n*»  epactram  cm 
W  prodacod  by  *  bo*  »•*  W*  •-•.  pomp. 

Qm  ubika  Uhi  pbca  oadar  ths  cawcBtlaa  AO  >  1,  U. 

•  -*  »(*/*>*  (11) 

b  luMki 1  qmailtka,  which  b  aaftbAad  a  diatom*  Wtow  the  rrfkctfoo  Inal  ft  has  tW  c herortor- 
iatka  of  a  cmc  Mb  procam:  lb  apactnun  ImiIm  atm  Clara,  tb«  hlghaet  n*i  oumWr  is  the  «m  that 
«tbb  IW  acfactko  r«k  tor  tW  dacay  inatabilHy  of  lit*  pump  (Eq  (•)),  and  lU  hww  Him  satisfy 
Um  roooaaoca  cmdltiam  fcf  tW  fartWr  daceye  of  p*ramrtrke.’!y  dnna  Unfmoir  warm.  TW  total 
— iibir  of  eaocMica  bcnaooo  with  pomp  betonsity.  Whin  lb  purnp  brtrastty  is  m  high  that  the  wWla 
•mo  wbr  rmf*  deoa  to  I  •  0  b  (Hied  with  cascade  linn,  la.  the  Laopcoir  coodeeeaU  it  reached, 
Un  ako  tV  bands  bat  wars  Us  csacada  linn  become  lllrd.  Oa  Um  other  hand,  comporifif  the  malts 
of  Uw  fa!  van  ealutka  with  then  of  th«  wort  Lnrlic  squaikw  (7),  it  ■  found  that  a  smaller  mmWe 
of  caocadn  b  prodacod  b  the  M  won  modal  than  predktod  by  Um  won  kiastk  approach. 

Tha  other  prsceaa  Uhea  plan  aider  Um  condition  Aft  3  I,  that  la,  b  tha  rrjioa  «f  fadecUaa 
(w  m  **,),  of  aa  aetSoary  palarbad  iacidnt  pomp.  Tha  proeaai  clarta  with  a a  oarfieliaf  two  dma 
I— Utility,  hot  b  tha  fri2y  dreclopad  aUp,  it  eecesto  of  Busy  lonEcad  Cyrix  1  of  mckoilm,  (am 
dbnrmaioeaQy  dr! no)  cciiapos,  awd  Wrooat,  aiar’.v  to  what  wm  reported  ia  p).  Tha  hapartnm  of 
tiru  b  this  teas  b  braodVoatbd,  atertic;  arocr J  I  a  I,  aad  artredia|  to  hi|hn  ft  as  a 
flhactioo  sftima.  la  a  sUtkwary  stola,  tha  apactrem  awt  to  tha  rocp  where  Laadaa  d«nptof 

b  b&portact  (t). 

fta  Um  aprrhBMto  that  haaa  baas  paebemad  b  Araclbe,  Poarto  ftko,  aad  at  ftux^ordmMm,  aaw 
Unnw,  Norway.  «*  won  aanle  cnapanaBt  aebeted  by  tha  Srs^|  cceexStioo  far  tha  prahfef  radar, 
b  ohremd.  Ac«ordU«  to  tie  tbsory  pmewtad  ahan,  Ihs  cewnet’coal  btoryrataika  to  tha  brae  sf 
o  amende  proem,  raqolna  that  the  echo  comae  from  o  bsljkl  o  db tnam  bsbw  tha  nflsctisa  hUght  . 
Thai  b  b  caohkt  with  tha  «6acrrotkma  b  A/ariha,  *Wi  the  cmchsloo  has  basa  draws  that  Um  aehw 
aamaa  ham  from  tha  lofractlm  ra^a*  ^,7).  A  cracbJ  potot  b  ths  prrr ton  dbcoarbo  «f  thsas  ronhs, 
hot  basa  that  tha  paAwioaUm  af  ths  O^etorind  poop  won  «uKhr  Amiba  cmdlUoae  (macaatk  laid 
lam  »  tT  w&h  tha  nrUcaJ),  b  aloof  the  mtfMtk  i«W.  Tib  b  axart  at  ths  ralactloo  UW,  awd 
•  good  apprwsinutVm  tor  the  whale  raog*  ef  aitilados  af  Inm*  ben.  la  additloo,  oahi  dimnbawal 
won  kbctk  cakntotkc*  «»J  Uow  tSat  tha  a^olar  epraad  of  ths  caarada  b  aot  bp  nip  la  ba 
ahaamd  with  tha  Aradba  radar,  bat  aid,  tha  aid  bUrpratotieo  hm  ham  b  too  af  «  oahaorod 
thirwul  Cwrtuaiko  ^actrom  fll 

b  tha  osw  btorpntodoo  fl  1),  ths  ebssmtkm  sea  arpfabad  by  •  moftl  (fiffwutnaal  tm  dm  at  tha 
AO  •  proctm  Tha  MBMricoI  aUnklkoa  sf  Ksfc.  (Ml]  »bow  that  apertrol  katom  oimmhfaby 
the  ArsdW  radar  cm  ba  pcadocad  by  thb  procam,  bocoom  tbs  multi  dLmscrlooaJ  collapse  etafe  kodb 
to  a  braadtoiof  sf  ths  hsorisr  spectra  bath  b  mafabode  aad  ac^ckr  dSMHbatioo.  to  addiUoo  to 
fMaf  aa  szptoaatfeo  af  tha  ahawnd  hbffrt  af  tha  piastno  Kar,  then  an  aba  athm  aboemtiom  that 
are  sapbiaad  by  thb  modal  [Iff],  b  paetkobr,  the  aa-coSod  "hn-mexV  haters  Uoold  ba  mmtbaad. 

la  thb  dbcuedoa,  tha  matribotlsa  af  tha  pnscst  week  ia  to  demomtrato  that  Um  two  pur . 

on  aat  "coerfictiaf  thoarbe*,  aoe  •eoospretof  procraa m*.  TWy  bath  esa  caczbt,  baft  b  separata 
haifht  n^ees,  aad  thay  an  aba  haoiM  with  to  tha  aoor  mathsmotkal  medal  ft  msp  aha  aowz. 
bapprapriiti  to  aaana  tbe  two  prinmse  *waoh*  wia  'rtiaof  tsrbcW*  thoerka.  Warns,  «  Wo 
Wm  beows  Wrs,  Wth  an  mltod  at  ebsf tor  pomp  powers,  ft  ia  tha  ntm  af  Aft  that  adtai  Nakhse 
b  this  a  aenl  ftaftof.  UmSm  eWsmtinas  wars  mods  b  (14]  aad  (If). 

•hrabg  to  the  Ttomas  sbaarratlum,  the  Bnfwftk  goeostry  ia  each  theft  Wth  typm  eftaeW 
bam  should  W  ihmriiMi  by  IWCI3CAT  iwdaro.  It  ana  oooft  saasoaahh  theft  b  tW  skiwrstlim 
that  ham  so  toe  ham  rspsetif,  h  the  Aft  >  1  type  that  hm  Waa  aaaa,  Wnnoaaf  tW  praaaMaaad 
laa  strweton  of  tW  apocta  (11).  Thb  mffht  W  mplatoad  by  tW  bigWr  dafraa  ef  raheemee  b  tha 
wwaaa  pmaroftod  b  thb  typo  af  pri  mm.  0vbf  Hm  to  atraape  Wchacattor,  drawobf  adsoao  oaasbf 
bam  Um  wlarlha  ic^n  We  wish,  hamioir,  to  pabt  art  that  o  feature  bdadtof  0  Wlffaft  mpmotiw 
hm  Wm  ahaamd  b  T Imo  pi).  TW  K3CAT  UHF  mhaarad  pWw  laa  wm  ibswwd  to  aoma 
ftm  a  Wl^bt  m.  T  km  Wbw  that  which  the  aaWaeod  ba  ba  cam  from  Ow  W<ht  ^acrlba  tha* 
thb  maid  W  sxphbad  by  o  dttrna  b  tW  Wchacattor  eflkkacy  of  tW  bw  aad  b%h  Wpsiary 
tarftaeftlnm  b  tW  two  typm  of  Iwbalmn.  Thio,  bow  me,  romabo  to  W  bwllplsl 

la  aawebeba.  It  ahooid  W  sftramad  that  tha  wart  topartod  bare,  iftfit  b  aft  m  aaeiy  atoyt,  md  wfl 
aartabiy  W  rsitlmii  b  addHIm  to  0  mam  datafttod  explmattoa  af  tW  pram  amd<  m^abe  lab 
awd  ambi  dimsadsaal  toatuim  aaad  to  W 
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DISCUSSIOK 


W.  T.  ARXSTROHO,  OS 

Bov  do  "full  vivi  theory"  prediction*  compare  to  Djuth'e  detailed  aeesureeenta  of 
height  dependence  of  turbulence  development? 

AUTHOR'S  Rf PLY 

(Reply  by  Mjpihus)  first  of  ell,  va  have  wanted  to  examine  the  consistency  of  the 
"week  turbulence"  theory  of  the  "plasma  line"  experiments.  I  have  focussed  upon  the 
fact  that  the  echoes  of  the  Ojuth  experiment  start  at  the  "highest*  height  and  expand 
downwards.  If  this  height  ie  the  reflection  height,  it  is  consistent  with  a  "strong 
turbulence*  theory.  The  expansion  Bight  be  explained  by  distortion  of  the  density 
profile  by  the  heating  wave  and/or  th*  turbulence. 

0.  PAPADOPOULOS,  US 

This  is  a  very  nice  coaprehenslva  work.  However  lta  applicability  to  the  ionosphere 
ae  vail  as  the  applicability  of  the  DuBois-Rose  work  is  at  best  doubtful.  The 
■agnatic  energy  BVSm  is  at  least  1000  tiros  stronger  than  the  plasaa  energy  density. 
Ae  a  result  transverse  collapse  would  be  easily  prevented.  The  dynaaica  would  then 
be  1-D,  as  described  in  Rowland  and  Papadopoulos  (190<)  for  boas  plasaa  interactions, 
naaely,  Bultlsoliton  state  for  W/aT  <0.1  and  chaotic  state  reseBbllng  1-0  collapse 
for  w/bt  >  o.i. 

AUTHOR'S  REPLY 

I  agree  with  you  that  the  aagnetlc  field  effects  are  vary  important.  Be  will  Include 
the  aagnetlc  field  in  our  aodel,  and  I  thank  you  for  the  reference  to  your  work! 

R.  L.  SKOWEN,  US 

I  want  to  be  cautious  with  the  assumption  that  theory  is  in  agrseaent  with  the 
heating  observations  in  respect  to  plasaa  line  altitude.  I'B  not  sure  that  the 
recant  plasaa  line  reports  have  indicated  accurately  the  enhancement  altitude,  but 
I  do  think  that  such  measurements  should  be  Bade. 

L.  DC*  CAB,  US 

Some  care  Bust  be  taken  in  interpretation  of  the  radar  data  shown  with  regard  to 
enhanced  plasaa  line  excitation  heights  and  the  HP  pump  wavs  reflection  height.  The 
puep  reflection  height  is  inferred  rather  than  measured  directly.  The  usual 
technique  for  measuring  this  height  rellas  on  looking  at  the  natural  plasaa  line  at 
the  puep  frequency,  but  this  range  cannot  be  resolved  with  the  accuracy  used  in  the 
Rf -enhanced  plasaa  line  data. 

AUTHOR'S  REPLY 

Thank  you  for  pointing  this  out  for  us.  This  then,  appears  to  be  an  laportant  task 
for  good  oxncrinentallsts  to  resolve.  On  the  other  hand,  since  you  cannot  resolve 
the  height  difference  between  the  natural  and  the  enhanced  plasaa  lines,  they  Bust 
be  quite  close  to  each  other,  which  is  again  consistent  with  our  assumption  A0  e  o 
In  th*  Arecibo  experiments. 
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TUOtT  or  LARGE-SCALE  RP  PRATING  PROCESSES  IN 
TO  UNSTRUCTURED  AND  STRUCTURED  IONOSPHERE 


M.J.  Kacklaen1,  P.E.  Chaturvedi1,  and  S.L.  Ossakov2 
1 Space  Plaaaa  Branch 
2FUsm  Physics  Dlviaion 
Naval  taaaarch  Laboratory 
Washington,  DC  20375-5000 


ABSTRACT 

Theoretical  aspects  of  large-scale  RP  boat  Inf  procaaaaa  In  the  unatmcturad  and  structured 
ionosphere  hava  bam  studied.  Por  tha  unatmcturad  case,  we  present  an  analytical  nodal  for  tha 
generation*  convection,  and  steepening  of  R.  Induced  density  cavities.  Va  discuss  the  nonlinear 
propagation  of  high  pover  BP  in  steepened  cavities.  Properties  of  therael  self-focusing 
instabilities  in  the  presence  of  a  eonveetlng  and  ateepened  cavity  la  studied.  Por  the 
structured  ionosphere,  ve  discuss  persnetric  coupling  processes  of  a  large  amplitude  HP  punp 
wave  with  both  P- region,  i.e.,  interchange,  current-convective,  end  ion  cyclotron  and  E-region, 
l.a.,  tvo-straa*  and  gradiant-drif t  ionospheric  instabilities  vhich  instabilities  have  been 
proposed  to  account,  in  part,  for  naturally  occurring  ionospheric  irregularities.  Ve  sbov  that 
these  inatebilities  My  be  stabilised  or  destabilised  ueing  high  pover  BP  heaters. 


1.  INTRODUCTION  7 

Recently,  such  attention,  both  axperisental1'®  and  theoretical''12  has  been  directed 
tovards  a  aore  complete  understanding  of  the  physics  of  the  interaction  of  high  pover  radiovaves 
aad  the  ionosphere.  Several  diverse  phenomena,  a.g.»  stimulated  electroeagnetic  emissions* 
modification  ef  the  polar  eltcirojet  and  ELF/VLF  generation13,  artificial  airflow  eats* tons2, 
ionospheric  cavity  foraatioo*’5,  large  teapereture  enhancements3  and  artificial  control  of 
Mturally  occurring  ionospheric  vaves  and  irregularities7'9’ 11 » 12  have  been  Investigated. 

Por  the  general  topic  of  plasaa  structure  development  and  irregularity  generation  during 
ionospheric  heating  by  high- poser  radiovaves,  observational  end  theoretical  studies  can 
gSM rally  be  classified  as  eapha.il sing  either  Urge  scale,  l.a.,  hundreds  af  Mtacs  to 
kilometers,  or  mil  scale,  i.e..  centlMtera  to  tone  of  asters,  phenomena.  Por  the  large  scale 
case,  It  la  ganerally  agreed1*’1"  that  tha  therael  self-focusing  instability1*  plays  a  mjor 
role  in  generating  hilonetar-scale  planus  fluctuations  and  structure.  Indeed,  fright  at  al.4 
have  recently  presented  experimental  observation s  that  suggest  that  neutral  theraospher'e 
gravity  vavas  My  act  as  a  "seed*  for  the  initiation  of  the  theraal  self-focusing  instability. 

Rovever,  the  Mjorlty  of  studies  on  the  large  scale  aspects  end  phenomenology  of 
loeoepheric  heating  have  not  considered,  in  a  self-consistent  eanner,  the  role  of  eabient 
Ionospheric  electric  fields,  neutral  thermospheric  winds,  gravitational  drifts  and  associated 
convective  ef  facte  on  the  evolution  of  the  heated  regions.  Por  long  tlM  scale  radlovave 
bestir*,  a.g.f  for  tens  of  seconds  to  Minutes  in  duration,  and  over  sufficiently  Urge  spatial 
•coles  {tens  af  kiloaatars),  polarisation  electric  flelda  due  to  Ionosphere- thermsphere 
Interactions  end  coupling  will  becoae  important  in  the  evolution  of  the  structure  and  dyftMica 
la  heater- Induced  plaaaa  depletions  end  cavities  in  the  ionosphere.  Several  effects,  e.g., 
cavity  steepening  aad  electrical  decoupling  froo  the  surrounding  ionosphere  end  thermosphere  My 
arise.  These  affects  My,  in  turn,  lead  to  changes  in  high  pover  radlovave  propagation  and 
thresholds  for  testabilities,  e.g.,  self-fo<u*ir>f.  As  a  result,  it  is  laportsat  to  develop  a 
Mlf-consl  stent  theoretical  nodal  of  Ute-tlM  ionospheric  heating  by  high  pover  radiovaves. 

In  additloa,  it  Is  vail  known  that  tha  ionosphere  can  be  structured,  both  persllel  and 
perpendicular  to  the  geonagnetic  field,  prior  to  high  pover  radlovave  injection.  Such  structure 
can  be  ceased,  1*  part,  by  plasM  fluid  and  kinetic  instabilities  end  processes.  However,  very 
fev  studies  hava  considered  tha  interaction  of  high  pover  radiovaves  with  ionospheric 
testabilities  end  associated  irregularities.  Consequently,  it  Is  important  to  develop  models  of 
the  physiee  of  the  Interact  ion  ef  high  pover  IF  waves  and  ionospheric  instabilities  sod 

The  outline  ef  this  paper  it  as  follows*  In  Section  2,  va  discuss  aspects  of  Ute-ttee 
Urge- scale  BP  heating  processes  in  an  unstructured  ionosphere.  Ve  study  both  bean  propagation 
and  atsbillty.  In  Section  3,  vs  study  aspects  of  HP  heating  in  a  structured  ionosphere  and 
consider  the  sffect  of  BP  waves  on  lov  frequency  ionospheric  instabilities,  finally,  la  Section 

At  vs  avsnarixe  and  dtecass  out  results. 

2.  If  BATING  IN  AN  UNSTRUCTURED  IONOSPHERE 

Va  tabs  tha  ionospheric  plarM,  in  the  presence  of  hlgh-pover  radiovaves,  to  be  lev  0  and 
vastly  ionised.  Va  as  suae  that  tha  radlovave  beaa  pover  density  I  *  Eq2  changes  little  over  an 
eleet.ee  naan-free  path  l.a.,  I'1  11/ tx  «  !,*•  *Uo  consider  temporal  changes  In  the 
bean  paver  Amenity  to  occur  on  tlse  scales  longer  than  an  electron  collision  tlM  with  \ 
•  typical  ealllalon  frequency. 

The  sat  of  oqMtlona  describing  our  nodal  can  then  be  writ  ten17' 11 
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Pk  a  •  e,l,  B_  la  the  plasma  densi  wf  Va  la  the  velocity,  aa  if  lonlzetlce  production  rata,  la 
ia  the  ionisation  lota  rata,  aa  la  tha  “uti,  pm  •  BaT  ,  «m  la  tha  itrm  tensor,  U  la  tha 
■egnetle  field,  |  la  tha  acetlera’ion  due  to  gravity,  A  la  tha  aaaratga  lost  vector  due  to 
eouial^ia.  i.  .  -  *,»W?e  -  •*.>  -  v*iV’a  -  ”>*  ?1  •  -  Jt>  -  Vi<2  -  H>- 

ollliion  frequency,  v.n  (vin)  la  the  elect r 


(vjt)  la  tha  electron-1 


(lot¬ 


ion  frequency, 


('In) 


Ti 


tha  i 


n -neutral 


(lon-aeetral)  collision  frequency,  U  la  tha  tharaoaphar lc  vlnd  velocity,  I  la  tha  electric 
{laid,  Tf  ia  tha  temperature,  q.  Is" the  haat  flow  vactor,  0a  la  tha  heating  rata  vlth  Q.  •  l«(K 
end  Qi  •  Kail  and  ea  tha  a.c.  plr.saa  conductivity,  la  la  tha  cooling  rata  vlth  U,  ■  ^t(Tt  -”lg > 
♦  \fl(%  -  tjj)  end  Lj  ■  >Vl<Ti  -  Ta)  -  >fin<Tg  -  Tn)  with  Tn  tha  nautral  taaparatora. 

Equations  (1)  -  (7)  ara  auppleeented  hy  tha  vava  aquation  In  tha  Halt  ,  vM 
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with  tha  frequency  of  tha  alec trcaagr.a tic  wava  rnd  c  la  tha  dielectric  tecsor.  Eq.  (1)  -  (8) 
with  a*  dual  on  of  Eq.  (7)  ara  alallar  to  thoaa  utad  in  pravioui  studies”'**. 

2.1  cowygcncw  STrarnrs  or  reATta- induced  density  cavities 

ft  it  wall  -known'  Tha  t  hJ.^Tpovar  radlovav#*  can  product  larga  teal*  density  cavitlaa  and 
depletions  in  tha  lonoapherr*»*.  Va  now  ahov^O  that,  for  long-tlaa  sea la  haat  lag,  thasa  density 
depletions  can  steepen  perpendicular  to  tha  gaoaagnatlc  field  due  to  polarization  alactric 
fields  cauaad  hy  gravity  and/or  nautral  thenaospharlc  winds. 

Being  gqs.  (3)  and  (4),  Eq.  (7),  for  current  conservation  at  P-ragloe  altitudes,  can  be 
written  to  lowest  order. 
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where  •«  •  el/e^c  la  the  ion  cyclotron  frequency  and  b  •  B/|B|.  The  first  tare  on  the  right- 
heed  side  ia  due  to  electric  field-induced  Pedersen  drifts,  tha  second  tare  doe  to  gravity- 
ladwced  drift  and  the  third  tare  dua  to  nautral  winds.  Equation  (9)  can  thee  he  written,  after 

asperating  B,  l.e.,  E  -  Eqt  ♦  «, 


t  •  »m  .  -  b^  •  *  (U) 

with  §01  -  Kqp  ♦  (B/cw4n)((  ♦  wi-U)  a  b  and  Eop  a  constant  polarisation  field.  .  Linearising 
Bq.  (U)  with  N  •  Rq  >  le  lor  e  depletion  in  «  Nq  and  taking  ||g|  «  Kq^  we  fled 

«-  ■  !ot  «*> 

TW  t.Ul  .lKtrle  (t*14  tj  ta  lb.  dwiilty  daplallon  ctn  tlttn  b.  vrtttn 
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*  *ot  (13) 

Ae  a  reeelt,  the  total  electric  field  lnalde  the  depletion  la  greater  than  the  total  field 
nets  Ida  the  depletion.  This  inpllea  that  the  center  of  the  depletion  an*ea  faster  than  the 
eetside  portions  end  results  in  a  ateepfning  of  tha  depletion  or  cavity  as  depleted  In  Pig.  !. 
The  steepening  will  occur  la  the  Kgy  a  b  direction.  This  analyt  a  la  alallar  te  that  applied  te 


KVJ 


aatarally  occur r in*  lonoapharlc  daplatlon*  1b  aquatorlal  *praad-»  hy  »•>•»«>  and  Oi*tur**diH 
•tw  cii'tri  daplation  and  c*»lty  «l*cltlaa  for  varleua  cavity  ahapa*.  cylinder*,  shaata, 


la  ordor  co  ootinoto  tho  otooponlnf  tloa  tt  *•  toko 


L/|Vj 


Vj  -  Vi  |  vhara  V*  and  V*  1*  tha 
-i  r.f ion  |  (tarn*  In)  and  A  (anall'  fn),  raapactlvaly.  "n  t  U  «  typical  i«U 
loafth  (or  tha  depletion.  Ho*  V*  «  «/•  lltyOln  -  *"> J*0  •"*  *A*  c/*  iyo/<?0  *,*"**!o  ■ 
hr  •  30  percent  depletion,  l.n.,  ki/*o  •  0-5>  t*0^*  •  1°°  ■***  •  L*  !?  **£  **  *?*.* 
■  turtnlrr  tin*  t.  «  10*  aee.  Tti*  ataepenln*  tin  can  vary  dependln*  on  tha  ahapa  a  f  the 
daaletlon*1.  Boaavar,  tha  variation  *111  ln*ol*a  iactora  of  t»o  to  thraa  and  *111  not  chan** 
ttla  aatlaata  appreciably.  Aa  a  raault  of  ataapanln*,  tha  cavltlea  *111  develop  atron*  danalty 
(radiant*  in  tha  direction  of  convection.  In  tha  naat  .action,  «a  dlacuaa  tha  affact*  at  thi* 
ataapanln*  an  high  povar  radio**™  propafatlon. 

PLASMA  DENSITY  N 


nt 


1  Hatch  of  ataapanad  plain*  cavity.  In*  I  •  l>5>  daonta  plasa*  danaltla*. 


2.J  ggjgnwwnw  powct  iaciovavis  th  cwtyicTiwG  mo  srnrewtg 

ST^c^I^Tth*  affact.”  of  a  ...opened  lonoapharlc  d.naity  cavity  «  tha  propM.«t« 
•f  kifh  pmr  rodiovavoo  oosuaod  to  bo  pcopofotin*  In  tho  t-diroctioo.  In  lq.  <•)  vo  toko 


i<s)  -  *<i)  «P<‘  J k  *»>£ 


(1*) 


1.  tha  (toaatrieal  optic.  appro.iaation  *h*ra  no*  I  rafar.  to  tha  «**a  alactrlc  flald. 
Inaertin*  lq-  CM)  into  «q*  <*>  on  tint 


A  ♦  Jlk  H  ♦  «  JT  ♦  *  *  7  18  *  0 


<») 


*lth  t  .  a*  *  ltj  tha  co*pla*  dlalaetrle.  Further  deco*poaio*  *  •  *o  •*»<*“>  "  *1— 


t 


«fr***v%-v*  ■ 


fit 

*1  *  It  -  t  .  0 

(11) 

<fc*t 

*>J  .  (f^r’fla 

(17) 

•ter*  a*  ter*  4*  (I  nod  t  •  »»,  I  •  t  la  ite  yradlsnt  aysratar  tranasaraa  I*  (te  ray  asdsr 

J,  ul  a  .  a0  .  it  altC  la  das  I*  lar(a  aaplltad*  affscta.  Equation*  (II)  •  (17)  dstsraln*  Ite 
•tel  later  ysoastrlcal  sytlra  af  radleaass  lenotyterlt  koatlny  alth  la  ds'iralnte  ly  la  a  (I)  - 
(7).  la  I*.  (17)  a*  tea*  Ignoral  rglraetlon  ate  IlftrarllM.  laaatlM  (17)  la  atayly  aa 
aayraaa  1  aa  far  aaarp  telanca. 

ky  latsyrat la*  I*.  (II),  ulaf  (17)  a*  11*1 


I(a.y.a) 


l0(i,y,«)  **»|-  Hi  1(a) I 


•It  l 


i  a  • 

k(D) .  (t .  r'n)  •  nii'ii t^r  ut 

I,(a,y,-)  la  tte  lataetlty  aaa*rla(tl  at t»  a  kaasyanaoiit  aallia. 
Ite  raaa.  (tet 


0*> 


(It) 


I  -  (syW)  •Ilk 


•a  taka  a  steal  |*r  ta  t*  te  •(  tte  (ara 


•Ilk'* 


•a*  ((a.y.l) 

a 


(») 


(71) 


(22) 


•ftfc  l_  a  lir^lQft^  «  ^tj/t2|l/l  v|t|  tte  alsetron  astt,  ite  vara  f  ray  tear  y ,  T.  ite 

alactroa  tssysraturs,  a,  tte  alactron  coHlaton  frsqtanry,  and  Iq  la  Ite  avaraf*  frattloa  of  ite 
aaaryy  laat  ky  slsc Irani  la  ate  ealllalco.  I.r  Iq .  (71)  f(i,y,l)  la  sate  is  dsrrrlte  a  liaayaaad 
aaslty.  llacs  IT(  *  Iq1  a*  tea*  la  •  tgJ  a  | .  Dalny  Iq-  (21)  la  (q.  (70)  V*  tes* 

la  a  Bf(a.y.a)  (I)) 

•ter*  sa  teas  wraslltte  I  .  Iq*  ky  J/uf  X* .  Dalny  1*.  (27)  ate  ()•)  as  tea*  Iraa  t*.  (II) 


I(».y.»> 


l0(*.y.»>  «yl-  •/  l*,(W  a  *2(>i)|dn) 


(24) 


•Itk 


k  , 

•,ou  -  ;  iirf/m) 

1  o  1 

*,(71)  .  Hviy  •  Ijl  a  ir*(?iD,| 

tear*  f,  *  a  l/ta  a  y  l/»y.  la  Ite  Isllaslny  as  taks  tte  staaysnte  easily  ta  te  aalayaaalrlt 

•test  tte  a-dlractlsa  ate  steal  ite  alasyaste  yroflla  la  Ite  ay-ytaaa  sslay  tte  Mal/tlcal 
aayraaslsa 


a 

la(a,y>  *  *(a,y)  *  •ay<-y,>•»y(-«,)  J  dtaayd*) 


•  ylaa  yf  tkit  fractional  far*  la  ateas  la  fly.  2. 


MMUIICS  nASMA  OtWlTT 


•ISTAMCt(lm)  4A2AUU  TO  VINO 


rt|.  t.  n«t  •(  wiriii  »»*tiu  ti  atwr*a*d  |1uh  ***tty.. 

•a  «aa  a*v  11*4  •  Mil (1m  t*  **.  (24)  wing  yartarkatlM  llmij  by  mwlni  I  •  I0  .  Hi  a 
...  uttk  (  •  Iq/1_  «  I.  nil  —own  t*  Assorting  Ig  1*  tk*  wyrMaion*  for  gj  and  fj  M  ilw 
tlght-kaad  *14*  •!  M.  (24).  I*  tk*  m  ItU  t*  Itltlil  Cauaalaa  kM*  yrofll* 

*,(».»>  •  I#(0>M»|-{»*  ♦  rWl  (»> 

(kick  t*  ak**a  U  rt(.  t.  2*  rig.  4  w  ak*v  Ik*  koa*  iatmalty  Ha.y.a)  u  glwn  1*  t*.  (>4> 
with  t)  k*4  |J  mlMlW  Mine  I  .  I_  M  (tTM  ky  (4.  (25),  In  rig.  4  «•  nu  ■  •  0.4.  for  *  . 

•.I  M  *•!•  Mly  Mil  diatortUa  *1  «IW  kM*  iatwalty  with  •  aklft  1*  kM*  yank  Identity 
*l**g  tin  (Inn  direction.  I*  *44l(tM,  (turn  t«  loan  spreading  *(  tk*  knn*  «n4  untlitil 
datrwac  I*  yank  k**a  l*(a**lty.  0*  tk*  *tk*r  k**4  f*r  strong  ku*  I  •  0.4  1*  rig.  4  «•  fin* 
*tr**g»t  f tewing  t*g*tk*r  *ltk  m  Intnu*  and  aklft  of  k***  r**A  l*t*n*lty.  Tkl*  *klf«  1* 
kw*  latwalty  la  twlilni  »ltk  tk*  recent  oka*  rrat Iona*  *1  k*a*  aklft  a*4  'snap-hacks*  daring 
l**g-t !•*  klgk  g**ar  V  kwtlag  **g*rl*Mta. 

2.1  mg  wuyggmrfcg  ramiiun  hi  m  wtsskci  or  emtio  10*  mo  smywiw; 

I*  Sv*  SIsaTiSISp0  ti*  iTTSet  *2  convection  and  ataaponiag  M  tk*  tkarwl  fllaamtatlM 
iMtiklllty.  Dwalty  depletlaaa  la  tk*  lsMeph*n  ar*  known  t*  k*  watabl*  t*  tk*  krylalgh- 
Tayl*r  t**t*klllty,  m  Interchange- like  a  lean*  tnataklllty  driest)  ky  gratrity  la  conjunction  ulth 
Mutral  tfc*t*a*pk*rlc  *1*4*.  Tk*  gtoutk  rata  *f  tk*  tkoraal  f Uoncr.lollon  laatakllity  la  tk* 
grwca  •(  l*t«rck**g*  laatakllity  can  k*  written20 


»  *  <Vl  *  (V'.XV’S!  *  k*Ici'  *  Te#e#l»  («) 

Marc  ^(k,)  la  tk*  *l*ctr*a  (1m)  gyrofragucncy,  {  •  »i,  »,  la  tk*  electron  tkarwl  ap**4,  % 
tk*  olnctrM  aaUlilM  fr**w*cy,  a.  (a.)  tk*  lea  (atectron)  aaaa,  ».  tk*  electron  *ulver 
wlwlty,  ayi  tk*  1m  plaeaa  fr«*wacy,  c,  tk*  aoun4  rpeed,  and  r0  -  *,/l  vltk  »0  •  (g/uj)  ♦  • 
**4  f  la  ftnlty,  *  tk*  1m  collision  fr**»»ney,  «  la  Ik*  neutral  tharaotpkcrlc  alad,  and  l  1* 

tk*  4*a*lty  gradient  *cal*  laagtk  porpondleeler  t*  tk*  gaeaagwtie  field.  frM  I*.  (24)  tk* 
•ktaahald  |aag  (1*14  far  f llMMtat  1m  can  k*  vrittca 

(*#/«)*  >  (J/t)(ai/*l)(kl,XB3  »  (VV<WV!)»  (2T) 

wltk  lg  tk*  Oaky*  laagtk.  S*mtlM  (24)  redocM  to  tk*  ataodard  raoult14'1*  Mm  y,  >  0.  4a 
aw  that  *N*  groat k  rat*  w»  of  iatorchoago  lwtablllty  cm  lacr****  tk*  threshold  for  aadtatloa 
of  tk*  tkoraal  f  11mm  tat  lea  1  notability. 


i.  v  Hinag  n  a  rkuctomd  lowirani 

la  (Alt  aaatlu  M  <Imm  Ik*  youlblllty  *1  laflaaMtaf  tka  4»n’.>fiw.l  af  wtitil  la* 
Immi;  a  Una  »4m  t»  tht  f-rayla*  aad  l-rty'w  lanupfeart  hy  «  Myk  fnn  V  yvoy  nn. 
Thoa*  m4h  in  tallrM  u  k«  aatltad  ty  aarleu  lutaklllty  incimi  at  dlfftraat  lieu  and 
la  dllfarut  mtm,  Multi*  la  atrwtarad  flalda  la  (fce  aadiua  that  kava  keu  dataetad  hy 
vufeae  aayarlaantal  tocknlqu*  fat  dacaOaa.  It  la  hayad  that  a  caetrollad  asyarlmnt  ulay 
aataraal  M  aata*  la  atudy  tka  dtulayaoat  a(  la*  frequency  I  an  tn  phalli  iMiakllltlaa  eay 
aakaaaa  tka  udarataadlny  and  Identification  af  than*  yracooau  a*  a  atay  taaard#  dovoloyaoat  al 
aa  laauykarlt  aaUl  aitk  yr*4tctt*a  copaMlUiu.2* 

la  taalkt  a  tituatloa  la  ekich  aa  If  yuay  nn  la  raaMiaally  aoda  toaaartad  lata  a* 
alaclruutu  aad*  mar  tk*  ra«lw  *har*  lla  frequency  la  clou  la  (he  eahiaat  uyyor-kybrld 
fnimr  y  rurthu,  aa  any  1  ait  tka  affect*  al  aaktaat  aaynatle  flaU  aa  (ha  blyb- frequency 
and**.  aa  ayyratlmtlaa  aad*  {•(  olayllclty.  Aa  ataadard  aoda  eeuyllm  analyat*  la  yat(ata*4 
(at  tka  latanctiaa  katttau  laa-fraqtMaey  aodu  (*i.  kj.)  aad  hlyh  froquncy  tldtbend  win  (a.  a 
at,  k,  t  kj  la  tka  ynwat  af  aa  0  yaay  <*,•  |u>.  la  tka  l**-altltud*  lonoaphoro,  iha 
thoraol  aaallawrlty  la  doaiaaat  (vhaa  v  >  *),)  aallt  la  the  hlyh-altltuda  ienotphort, 
yaadataaatlu  aflacta  la  doaiaaat  (tt  <  aj.).  la  tka  fellaaUy,  «a  yraaaat  taavlta  at  the  Ilnur 
atakillty  aulyila  fu  trartoua  lw-lrn«°<r  aoda*  la  tka  pt«u»c«  at  If  yuay  aaaaa  an*  tkalr 
yrakakla  rafiau  af  utarraac*. 

i.t  trnmxtm  Tgmjtmiw  i*  m  p-iesim 

Ha  4iayaiaTM~ralatlM  at  Utttckanaa  aodaa  la  tka  pr**«nc*  af  a  bi|h  your  W  ytaay  la  tka 
lacal  ayyceataatla*  la  |lna  by11'7'* 

.  «rt .  *£*}  -  ir^  <»> 

akara  ft  .  Qt  •  «.%/«).  Kl  •  <i  •  &»  »  Si*a*>.  fc  *1  *  V%>  U  “  «*• 

ytaaaa  jtrUtwlaclty  I*  tka  fraaa  af  tka  autrala,  DA  •  u*ki,<!i!/Seal*  aad 

f«l  *  W  '!  •{,*l/«*4l  <«*  *  ^  1,  >1  <«* 


rltk  I.t1-  Sat  *  *  l<a,/ai)v  tntarehany*  InatablUtlu  ara  ballaaad  la  cauaa  lonotyharle 
trrayulcriUu  bttk  la  tka  la*  Utitud*  an*  kl|k  latitat)*  lonoaphar*.  la  tk*  1»»  Utitud* 
tamayUra,  yt»tlty-4rir«n  knylalyti-Taylor  aailaa  ar*  believed14  ta  cauaa  equatorial  ayraod-f  fat 
acal*  atau  100  a  -  10  ka  «klla  at  kl|k  latltudei  alacttle  fUld-drtvan  interchange  aodeo15  ara 
kaliaud  ta  lead  ta  fault}  Irrafalarltlaa  u  tka  «I|N  af  conuctiny  yluu  inhoeojoneltta*. 
Tka  ygtty  Induced  ttmtur*  at  altltadu  -  100  ka,  t*t)ulru  threrheld  yuay  pour  Cyu»y  electric 
field)  at  .01  yl/a2  (1  a*/a).  The  yuay  daatabilUtt  Interchanye  aafaa  la  ourdaut  reylonj  (I  < 
a,  t<  «t*l  aklla  It  la  atakllialaf  la  the  anderdena*  region  (I  »  a,  it  >  a,*).  Thua  tka 
autakla  mm  vaatlf  kata  a  ytrnctere  la  altltufa  tuck  that  (ka  eode  la  lolalluf  In  the 
uarknwc  r*toa  (In  a  alteatloa  atallar  ta  tka  utural  luatablllty  uaoclataf  altk  tka  *hloha* 
.kick  kaaa  a  delta  altltefe  aat»t).M  Ala  altuatlaa  favora  faatablllratioa  at  aofaa  «ltk 
acalu  aaayarakla  ta  tka  Ucallutlaa  rayloo  (-  100  a).  Ar  laoyar  acala  alaa*.  aoalaeal 
af  facta  ylay  aa  layer  tut  rale  aa4  tka  «ro*th  rata*  (yuay  nn  tkrukoMa)  ara  raducaf 

t— - |)  Hf«M  5  ft*U  a  flat  af  ■*.  (It)  fu  tyylcal  yarautua  fu  udardanu  kutlay  (I 

>  •). 

i.i  rnntmrm  «*  wwasna  a  tm  i-rgrtoii 

Aa  tn-itraw  lutakl.’ kty  la  tk*  i-ttplco  la  ftcorad  at  alutrojat  altltadu  (105  -  115 
ka)  akw  alutru  loll  drift  (aa.)  auaada  tk*  lacal  lot -round  ayaad  (C,),  »dx  >  C,.  A* 
areata**  af  Wt  yea*  van  any  remit  ta  it*  acclutlaa  far  mk-tkrubold  eondltleo*  (r^  <  C,). 
A*  dlayaratu  raUttaa  fu  tk*  («*-atr*u  Uatakillty  la  ymau*  af  If  yuay  nn  la’ 


akara  ft  -  S/1  9.,  a  -  VVVl'  *t  »  %»  %  «  V  %  •  ®>  *«  *  5>  ’dll.*  Ht  *  *S.  *  k  * 
U-  A*  V  yoay  nn  dwtablllma  tint  aodu  fa  tk*  eurdana*  r**lea  (1  <  0,  *o  <  ■»,)  and  tka 
ratal  rod  tkrtrkold  yuay  ytrt  yamr  (alutrle  flald)  ta  5  *»/**  (M  **/*)  (fu  Xt  •"  *.  »di  - 
jj2  ,/t  •  -  It  lO**-*,  au  •  t.3  *  10*  »**).  A*  aatural  tva-ttraan  lutaklllty  hu  bun 
awaclataa  altk  akurratlau  of  aakanctd  alutron  taayarttura*  Cket  tfott*)  la  tk*  raylea™. 
Bta*  amariaaata  n*  W  affteta  n  y-rayloa  kau  iadlcatad  aba  waatlem  af  tyy*  I-llk* 
frraaultrltlu  (uaoeUtad  vlth  tk*  tvo-ttrua  lnit*klllty).,'"‘*  A  luturt  axyulaaat  my  ka 


kau'  amariaaata  u  W  affteta  n  I-rtylee  kau  iadlcatad  aba  waatlem  af  try*  I-llk* 
Imfklarltlu  (uaoelatad  altk  tk*  t*o-*tr*u  lutaklllty). A  lutura  axyulaaat  my  k* 
aualdatod  t*  uclfy  tk*  aaaodatlea  af  *kat  ayata*  altk  tk*  ru-ttru*  lutaklllty. 

At  luur  acal*  alma  tk*  yradlmt-drlft  Uatakillty  aay  ka  amltad  la  tk*  t-waylu 
altctrtjtt.  A*  V  yeay  nn  aay  ala*  k*  aaad  ta  laflaanct  tk*  Ury*  aula  ala*  aedu  (-  100  a) 
ta  tk*  y-rayloa.  A*  yradiaat  drift  iuubillty  la  auoclatad  altk  tk*  alactrofet  currant  (100 
-  110  ka  altttoda)  aad  tk*  ettrrut-etwaaetlu  tuukUlty  (CCI)  la  utoclatU  altk  tk*  praaanc* 
af  yarallal  carraau  (>  130  ka).  Aau  aodu  my  kt  dattettd  by  bW-rad*r  (tyyo  II  acbmt)  or 
aclatlllatloa  aau  truant  ,  and  require  yup  »*•  d«ld  atranytkr.  af  -  15  *»/*  (for  yrtdlant- 
drtft  Uatakillty,  at  -  118  ka)  aad  -  I  af/a  (fu  CCI  at  -  150  ka).  0oa*  (-rtyton  uyulauta 


Wrt  Mt.re.tlr  detteMd  Met  tffaata. 

I*  It*  aprtr  elutr.let  raclea,  It  tu  Man  r>;^ '  ,  t  ad  (hat  parallel  earrMtt  Mr  »lar  • 
nU  <•  It*  Irrcfalerltr  fMtratlofl*0.  it  altitude.  Mart  »j  -  »,  (-  120  ka),  tltalrMtatU 
iM-cr'UttMi  (tiC)  aalil  an  kaarllr  <«!*<  det  ta  »,  Mila  lan-aeauittc  nm  (la>  Mr  ka 
aadltad  (tick  a,  -  k,C,  >  a,).  ai  kl<*>er  altlut'ta  (>  1  S3  kal,  lie  aaitt  Mat  kata  aaatlaasd  aa 
•  raaalkla  aaarct  ar  IrrtcuUrUItt  detected  kr  aarleua  tteknlquaa  (TCr,  If  ralertt  la-alia 

Caked*).  tku*  aa  tf-parp  Mr  dedtaMltiit  la  aiaaa  at tb  a  puop  eltctrU  Held  -  K  a»/a  at  -  110 
mi  tic  aatai  at  kt|?»T  altltwiaa  (•  ISO  ka)  kr  pvsp  aaaa  Held#  •  )  aV/a.  tka  naa  la 
fvrtkar  daatdklltrla,  ta  tfca  linaarlr  ursdtaMa  Mdet  la  tka  aaarda.iaa  raj  lent  (I  <  0,  n,  <  »,,) 
akiU  tl  MT  dtateMlidt  liaaarlr  atekla  aedaa  la  the  ardordanaa  rajiaa  (>  >  0,  a.  >  a Z).  fua 
nc  iMtakllltr  la  klst-latltuda  lorwaflert  hat  Men  aaaoelatad  altk  tha  aSaaraktteaa  of 
aaaryatlc  Itar1.  Ikai  a  eaotrollH  npirlttit  uln«  an  tr  pmp  and  atcltatlaa  at  tka  I1C  acta 
Mf  ta  carried  Ml  la  tariff  tfcla  frspealtlM. 


M*.  >•  Wat  at  fraatk  ratta  fraa  la  <37).  tarn  I  •  »<th  a.  •  tl¥/a#c0.  Tka 

(allavtna  parauitara  art  urtai  C.  .  1  a1/*,  aj/B.  .  l6_*.  tu/8,  *  10-*,  a-  .  5  I  10* 
•fa,  tu-*  •  »  ka,  to,  la  la  tka  d-dtractlan,  »a  1*  tka  r-dlraetlon,  a,  .  5  *  10*  It, 
.J  a  10*  li,  .  101  aa*^.* 


4.  wn  mo  BiiaresioB 

to  have  dltcursod  features  of  largo-scale  VF  beating  processes  In  the  onstruetured  and 
at  tortured  i er*oe?h«ro.  For  tbo  enstrv.ctored  probleo,  for  largo  seals  long- tl*e  IF  hooting,  *e 
km  eheoa  tint  polarisation  fields  due  to  lonotphoro-thervosphoro  ifitersctitmo  and  coupling 
Till  be  UfMttat  1c  tha  evolutl&a  of  the  structure  v*C  dynaaief  of  heator-loduced  plsono 
OOrltlae  fa  tbo  ionosphere.  Ssreral  offsets,  e.g.,  cavity  steepening,  convection,  and 
electrical  decoupling  fron  the  oaMcnt  ionosphere  nay  ax  let.  Vo  Hava  abovn  that  typical 
t  teepee  It*  K&m  for  bsater-iwJucrd  density  cavities  art  on  tbe  order  of  a  ftv  alnytee.  Plim 
aaoToctlea  aal  ateepealng  Induced  by  both  gravity  and  neutral  vlnds  hava  boon  Investigated.  Tbe 
propagation  of  high  povar  rodlrrvaves  la  a  steepened  depletion  baa  boon  studied.  It  Is  found 
that  an  laltlally  colllaatod  rad  loot  to  boas  la  ablftod  la  tbo  dlroctlon  of  convection  duo  to  a 
otnaponed  please  cavity,  for  lev  boons  povers,  this  convection  sod  steepening  causes  o  docroaao 
U  poafc  hom  lattnelty  while  at  higher  porar  oo  lacrosse  la  peak  hoaa  Intensity  la  0000*  l  o., 
km  focoal^  to  locrooaod.  Za  addition,  «o  hava  also  eeepotod  tbo  grovtb  rato  of  tbo 
fmavmlltod  tbaraal  oolf-f ocoo Inf  Instability  la  tbo  proooaoo  of  both  eoaroetloa  sad  a  plasat 
imltv  grad  1  oat  laJecsf  by  •toepoelngf  porpoodl colar  to  tbo  gooaagnatie  field.  Vo  fifed  that 
tafTraaoja  punooood  caa  lacroaao  tbo  thraahold  aad  rodoco  tbo  grovtb  rato  of  tbo  generalised 
tbaraal  aalf-focaslag  laatablllty. 

Far  the  at  roc  to  rod  loaopphoro,  *0  dwv  that  lajtabllltioo  and  processes  la  both  tbo  F- 
oovisa  aad  B-rifloa  and  aaooclatnd  Irragolaxltioo  aoy  bo  atabilisod  or  destabilised  os  leg  high 
lint  V  oovoa.  V  poap  oaplltodoa  any  bo  access!  bio  asing  exist  lag  boaters. 
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SUMMARY 

la  a  recent  publication  oa  ioaoephcrie  healing  by  Suiter  «t  al.  [1989]  th*  effects  of  (wddwty  changing 
lb*  daty  evel«,  during  on-off  eyeling  of  th*  H?  tranamitter,  oa  Us*  plssran-lia*  (PL)  cwmhoot  ere  mrikiasly  U- 
tuMrated.  When  th*  duty  eyef*  mi  suddenly  detnestd.  Us*  cvcrsbcot  lifetime  changed  gradually  over  oboist  1 
min  from  ruugh'y  0.1  •  to  more  than  0.8  «.  When  Us*  duty  ejrel*  aria  suddenly  iamaaed,  Us*  lifetime  changed 
gradually  from  snort  thus  OA  *  to  roughly  O.t  «.  For  a  Mill  higher  doty  cycle,  tt«  PL  intensity  beg-n  to  pulsate 
dramatically.  Tlx  Langmuir  (L)  wars*  reepontibi*  for  Us*  PL  now  by  Us*  parametrie-decay  mriafeity  and 
propagate  is  magnetic-field-aligned  ionitauon  ducts  bavin*  a  deazily  Avsretaent  nUttra  to  tb*  ambient  d*a- 
•itf  outride  Us*  (sect.  Its*  change  ia  Us*  decrement  depend*  both  on  list  peadtrossetir*  fore*  of  Us*  trapped  L 
war**  tod  oa  heating  da*  to  dtmpbtt  of  th*  L  nra.  When  Ust  HF  fa  oa,  th*  deeremrat  increases.  When  tb* 
HP  ia  off,  Us*  decrement  dtcrtM**.  Rapid  decay  cf  the  L  wave*  (in.  deery  of  Ah*  orerthoci)  by  Landau  damp¬ 
ing  begins  wbes  th*  decrement  acted*  a  rertata  level.  Tb*  duty-cycle  oMenatkso*  taa  be  explained  with  Uss* 


INTRODUCTION 

Th*  PL  over- boot  mss  Fret  eUerred  tad  described  by  Shew*  [1ST!]  tad  Shown  aad  Kins  [1978], 
Oreham  aad  Fcjer  [1*78]  *®jR**t  that  *h<  rt-acal*  field-tlsjacd  BTssa?*rfti»*  with  a  freer  Us  tins*  of  a  few  ***• 
and*  matter  tb*  EM  wave*  snto  L  wart*  tad  beac*  redtsc*  Us*  EM  Sold  »t  greater  height*  alter  a  few  «cond». 
However,  th*  exater.ee  of  overthoot*  coc  saed  with  a  lack  of  a  mcamatl*  redactioa  In  reSeeted  EM  power 
ha*  been  deraca*trated  [Diuth  «t  *1,  IK.  ;  Fejcr  at  ai.,  1SS8).  K«i  et  *3.  [lK7j  *ujy«ct  that  L  waves,  with 
growth  rata  larger  than  the  growth  rate*  of  L  saw  detected  by  th*  rad.sr,  rondo  Sit*  electron  motion;  this  bs- 
tram  th*  thmiKshl  of  Us*  detected  wssv-3  tad  cassia  th*  drop  in  PL  intensity.  Ceviten  theory  (Dubes*  ct  *1., 
1988;  Dubois  rt  *1.,  IKS]  doa  not  txplaix  tb*  overshoot.  Tb*  lir  ltetloea  of  to*  rot*  of  eavitono  la  tspisuaing 
kmorpherie-heetmg  tthssmiioas  are  dsacuated  by  Suiter  «t  al.  [HEiSj. 

Tb*  dnet  model  la  conjunction  with  th*  parametric  decay  lr.tts.UHty  ha**  ben  able  to  explain  spsal- 
katSvciy  many  of  Use  observed  efcareeterbiici  cf  th*  plant*  lin*  ebtsml  *t  Areeibo  {Muldrew  and  Shcswvn, 
1977;  Muldrew,  1*73,  1879,  19S5J  inchsdi  s  aa  txplanatiaa  of  the  FL  cscrehoot  [Muldrew,  198S].  Sulset  «t  al. 
|ieSSj  preemit  data  lEuxtoatirg  tb*  efeet  a*  the  PL  overshoot  of  Ktddmly  changing  th*  doty  eye!#  daring  cy¬ 
cling  of  the  heating  treaaraitur.  A  brief  explanation  of  them  ratslta  rates  the  duct  model  wa*  given  by  Suiter 
*t  *1.  bared  ca  a  preprint  of  Muldrew  |lfr88j  aad  ccmspocdenct  betima  IA.  F»jer  and  she  author  [1833].  A 
r  aw  detailed  explanation  I*  give*  her*. 


OBSERVATIONS  OF  SULSER  ET  AL.  [1989] 

Fifes  fee  i,  7  and  1  of  Suiter  ct  aL  [1989]  with  their  eaptiont  are  reproduced  hen  ia  Figures  1,  *  and 
I,  reepeetrreljr.  In  Figut*  I  th*  ditty  cycle  of  th*  HF  transmitter  m  ehaagM  from  0A-*  on,  t.te  o 9  (duty  cy¬ 
cle  A]  toOA-*  on,  I9A-*cff (B)  at  3015:49 f tire*  s  0*  bt  the  8 jure).  Orly  lima  star  th*  0.5-*  on  period* 
are  warn  in  th*  figure;  here*,  the  turn  mat*  can  only  b*  used  for  comparing  received  puiae*.  Th*  gradual 
Iwgthrcin*  of  Use  ovmwboe*  from  about  0.1  •  In  OA  ■  take*  about  1  nun  [tins*  «s  •  a  in  th*  figure).  See  re¬ 
mark*  ia  the  caption  regarding  Us*  third  aad  fourth  pubic*.  Ia  Fteure  1  Use  duty  cycle  of  th*  HF  transmitter 
wa*  dtangtd  from  B  to  A  at  9037 Ai  (lias*  •*  0  •  in  use  figure).  The  gradual  shortening  of  th*  ows&oot  from 
greater  than  OA  •  to  about  0.1  *  tabs  about  IA  min  (Uses*  =  9  a  la  th*  figure). 

fa  Flore  1  th*  HF  duty  cycle  i*  A*  oa,  S-*  off  with  an  effective  radiated  power  of  40  MW  at  5.1 
MHi.  Th*  430- MH*  radar  pulaa  hurt  an  inter-pals*  period  of  1  m*  giving  *  time  reaotuUoo  of  1  ms.  The  HF 
trecemireion  start*  ahortly  alter  400  ms  ia  the  figure.  Th*  PL  dbappeare  about  1300  m*  alter  th*  start  of  the 
HF.  Between  about  1200  and  1700  am  on  th*  Use  malt  th*  pulse*  are  extremely  regular  with  Ieaa-ttian-10-ma 
palm*  separates  by  about  43  ms. 


DUCT-MODEL  EXPLANATION 

Figure  4  fa  taken  from  Muldrew  [19881  usd  fa  a  modified  verefoa  of  a  schematic  of  a  representative 
evwrefaoot  (or  the  early  Areeibo  experiment*  with  relatively  weak  HF  power  a*  determined  by  Showed  11375]. 
Tb*  *vafatioa  of  a  duet  during  Ionospheric  heating  eaa  "j*  divided  into  four  tins*  domains  [Muldrew ,  ISSSj. 

TV  font  three  of  them  which  eonrihate  tb*  growth  stag*  are  tbowa  ia  th*  figure.  TV*  fourth  fa  th*  recovery 
■tag*  whra  th*  beater  fa  off. 

Conrider  tb*  (tart  of  HF  eyt&ag  after  th*  transmitter  ha*  been  off  *ufBei*aUy  long  (eg.  more  than  10 
■da)  that  no  HF-enhaneed  duet*  exist.  Natural  field- abgBed  duett  are  always  premat  in  the  ionosphere  haring 
a  variety  of  croaa-fleld  diameter*  and  atecteoa-dearity  enhancement*  or  decrement*.  Them  ducts  are  too  email 
to  affect  th*  HF  field  distribution.  In  th*  pramac*  of  a  powerful  HF  field  th*  parametric-decay  instability  can 
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•ctvr  fasida  llm  da  fa  M  the  height « f  maximum  if  Id  strength  (in’  Aly  urT'-s-  rl  «t  a  plasma  frequency 
•kick  b  only  e,rjhlly  lees  Urns  list  L-wrve  freoueucy.  Inltielly,  only  »ty  il  car.  !je;iaui r  waves  witl 

fro*  paftmetriidiy  out  to  tha  email  itnritr  acereiRraV  Tfc«M  will  be  ii  n.xl,  a  i :ia|  tha  electron  k» 
ptrum  T,  trc‘  **  the  duct  and  eoaweqeenti; y  items'.:.  3  tit  electron  deni  t y  Ly  1 he  [  tr/soo  of  plasma  along 
Ut«  ntcTKtli-*  ;'.!  direction,  Larger- wan  eh  ruber  L  wave*  tea  then  grow  parametricx&y.  Tit  duct  arts  like  a 
ware-giide  A*  th#  L.  waxes  art  raided  aloe*  lit  duct  their  wivtaoraaSa  vary  beck  and  forth  over  a !---:  art- 

Ive  to  tj#  rxgnetic-f.eld  direction.  When  the  duct  hr.i  grown  auKcientlr,  L  traTae  will  exist  (i  C  r rvrt) 
which  hart  tht  tppr -prints  direction  and  wavenumber  to  t:  kscatter  the  4’0-’.'iii  rtdar  signal.  AS.  r  the  start 
of  KF  cycling  It  tazj  tske  aeverd  HF  pulses  bc'ore  a  Pi,  u  detected;  lit  duct  continues  to  gr ow  duti-g  etch 
pulse  ontii  an  e?rroiir,-ate  steadt  atale  la  reached.  Ducts  with  relatively  Urge  density  decrements  will  jer- 
Bit  a  lacier  r‘"'f  of  L  ware#  to  be  trapped  than  thee?  with  smaller  density  decrement*.  This  means  ducts 
with  latter  dearity  decrements  will  ba  sealed  mors  hx  dcmpir.g  and  will  grow  more  repldiv  than  smelter  dueta. 
Consequently,  only  the  ltr;nrt  natural  dueta  existing  before  the  initial  11F  turn -on  will  end  up  aa  tha  ducts  re¬ 
sponsible  for  the  PL.  Thia  probably  nplaina  tha  large  separation  of  PL  dueta  (roughly  0.5  km)  which  il  dearly 
fadicaled  by  tha  observed  approaimaU  i-mia  fading  rate  of  PL  istenaity. 

Aa  stationed  abort,  after  the  HF  transmitter  bat  been  eyeing  for  some  time  the  dueta  reach  the 
fatsady  Bate’  la  which  the  duct  ehsrweteratlcs  repeat  approximately  each  KF  cyclt.  As  aooa  m  an  HF  pubs 
start*,  L  wave#  begin  to  grow  by  tht  parametric-decay  instability  is  tha  ducts  and  they  reach  aa  cUemble 
lava!  fa  about  2  ma  (r«t"ioa  |t  Figure  4).  They  become  aordiaeartr  aatureted  is  tnother  few  milliseconds  and 
•tart  to  exert  an  epprccinhls  ponderomotive  force  oe  tht  plt/ima  in  tht  duet.  This  force  drives  plasms  in  both 
dirvtion*  dors  the  tr,  erne  tie  Eeld  away  from  tbs  maximum  Iff  Erld  strength  at  the  Erst  Airy  maximum.  Tbit 
lactt  far  approximately  tht  time  it  fairs  an  electron- ion  pair  to  trarel  at  thermal  velocity  aercia  one  hrJf  of  the 
lot  Airy  maximum,  or  about  ICO  ns*  (regloa  J,  Figure  4).  Tha  laeresta  fa  T,  dua  to  L-wtrt  damning  begins  to 
become  t'pr.lflctrt  after  about  SCO  ma  and  duct  density  jredoilly  items?*  are a  farther.  As  tho  density  decre¬ 
ment  facreare*,  Landau  dr.aping  of  the  L  wares  increase  [Figure  i,  Mtildrew,  ICt3[tr.d  at  acme  point  bteoene* 
■teen,  canting  tha  deep  drop  la  PL  intensity  ahewa  la  Figurt  4  Bear  5  a  (region  5,  Figure  4). 

Uair.e  tht  abort  dcseriptio«  of  the  PL  oremhoot  based  oa  Muldrew  [|f?8],  the  obserrwioeta  in  Fig- 
area  1  to  9  will  b«  expluined.  At  I  *  0  in  Figure  1  the  duty  cycle  auddenly  dsertsoa.  The  hettfax  in  te  prated 
efect  of  the  ocevious  pulses  thus  dee  re  uses  and  T,  and  the  density  deerrment  iy  dua  to  thcemsl  effects  de- 
eretees  from  frits  to  pulse.  For  the  left-hind  tide  of  Fi’cra  I,  ly  la  aelstlvely  ferji.  The  penderemotrre  foTee 
peoducci  tn  rf  ditienu  dsrtity  dc-remcnt  Ip  which  ret'.hes  its  pcsk  rrl-;s  tcr.s  of  Bilhscccr.ds  tiler  the  nut 
of  tech  pul:;;  fy  +  Ip  b  avISckstSy  hifdi  that  the  L  wtvrs  rtr-crdble  for  the  PL  are  eercrcly  Lt~ '•ea  dc.apcd 
after  about  0  1  a.  Foe  the  right-hand  aid;  cf  Figir*  I,  dy  U  rctolixely  tmsll  and  5y  +  ip  it  not  auEcier.tly  large 
foe  tha  PL  waves  to  ba  terertly  damped  in  lest  then  0.5  a. 

At  the  higher  duty  cycle  starting  at  <  m  0  la  Figure  t,  7,  and  hence  ly  fa  the  duct  rise  from  pulse 
to  pulse  until  sjter  about  six  0  5-t  pulso,  4y  +  ip  be-eomco  high  eneuph  near  tht  end  of  the  O  S-a  pulset  to  ini- 
lisle  Landru  d taping  cf  Iht  PL  waves,  ly  at  tbs  atari  of  lire  palia  eostirxe*  to  ictreroe  for  the  next  tertn 
pulso  end  eexc.-.j  Lerdsu  damping  of  PL  atres  occur*  at  prozracirely  earlier  times  from  paint  to  pulse.  On 
the  rirfit-hiid  ride  of  i  igure  2,  ly  ■  tufScier.tly  Urpe  at  list  ttart  of  tht  pa’re  the!  when  ip  mtaimise*  fa  tome 
ter-i  of  cii'ic-eeonds,  tp  +  fp  k i  great  encciph  to  initiate  aertre  damping  of  F'L  wa-ca.  Tht  Ltaprtalr  wares 
wbeoe  werencirmela  make  mail  tcj’cs  xcith  the  duct  axil  aad  hence  cannot  be  obserred  by  tht  radar  suffer 
aoosidcrab’y  leas  damping  than  the  PL  warns.  Hence,  the  poedero motive  force  b  maintained. 

At  tha  atBl  higher  duty  cyclt  of  Figure  f ,  «T«  iht  L  ware*  whoee  warmormrJa  make  email  angles 
with  tha  duct  axis  can  ba  damped,  suiting  off  the  poederomotin  ferea.  At  the  Hart  of  the  HF  puLre  (at  about 
450  bis),  #r  b  quite  elate  to  the  value  at  which  severe  dumping  cf  PL  wave*  tsioa  place.  Shrrtiy  after  the  poa- 
dtro-otive  for'.e  atarts  to  reduce  the  density,  tavern  damping  of  ail  wares  ecu  in  and  ib*  ponderomotire  forte 
b  almost  eliminated.  The  PL  wares  are  ebrenred  for  a  abort  time  before  they  ere  absorbed.  Due  to  plat  me  in¬ 
ertia  by  +  <y  remains  high  for  tens  of  milliseconds  (in  thia  rate  about  JO  mojbefert  ly  +  ly  decreases  to  where 
L  waves  ean  grow  again.  The  protest  b  repeated  reaulting  ia  the  obxcrred  periodicity.  It  b  interesting  that  for 
t  >  1200  ma  the  PL  kteneity  between  PL  tpikee  hat  fallen  to  the  KF-off  noise  level.  Thia  b  likely  due  to  the 
enhanced  temperature  near  the  middle  of  the  2-e  pube  which  caturei  that  the  PL  ware*  are  completely  elimi- 
aated  between  tha  peaks. 

There  b  another  Important  obeemtioo:  th*  (pikes  from  I2M  to  1700  os  art  dean  and  erroty  spared. 
Thia  b  probci ly  because  there  b  only  ooe  PL  duct  ia  the  radar  beam.  Duet  spacing  b  roughly  ore-half  to  one 
Idlomtlef  and  bean  diameter  b  about  one  kilometer;  bene*  at  a  giren  tine  there  may  be  anywhere  from  aero 
I*  a  few  dnete  in  the  beam  at  the  height  of  the  (ret  Air/  mix  ray- as.  If  there  were  two  ducts  fa  the  bean  the 
spacing  might  appear  Irregular  (eee  Figure  J  for  f  <  1200  ma).  If  there  were  three  or  more  dueta  the  spacing 
■right  appear  random. 


CONCLUSIONS 

Tha  duet  model  for  the  PL  overshoot  at  Areribo  b  capable  of  explaining  quaStatirely  the  rather 
complex  evolution  of  the  PL  intensity  when  the  duty  ryeb  of  HF  cycling  b  suddenly  changed. 

To  the  aether's  knowledge  ao  gooa  data  haw*  ywt  bee*  pebSabad  oa  PL  intensity  following  the  alert 
of  HF  cycling  after  the  transmitter  has  been  off  for  at  least  10  min.  ForToeaopberie  conditions,  HF  power,  >*■ 
fancy,  and  evdisg  periods  similar  to  those  eorratpondinn  to  Figure*  I  and  2,  it  b  predicted  that  if  a  PL  b 
observed  it  wdi  probably  taka  1  to  2  min  for  the  PL  avaaiooot  to  appear  aad  reach  minimum  lifetime. 

Far  a  Ugh  duty  cycle  such  aa  the  ooe  eorreepoeding  to  Figure  J,  it  b  occasionally  passible  to  get 
rapid  PL  pwbfag.  This  occurs  when  the  duct  density  decrement  due  to  heating  b  just  tow  eeougb  to  allow 
weakly  damped  L  waxen,  which  caa  ba  observed  by  the  radar,  to  exist  but  high  enough  eo  that  aQ  L  waves  be- 
coaoe  eeveriey  damped  when  the  density  dverement  b  facreaaed  further  by  tha  paederoaotire  force. 
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Fit.  1.  Tit*  lofarlOin  of  lit*  powtr  in  the  *cht»r«l  c!t»n*  Bat  v  *  functioe  of  tito*.  TTtf  data  in 
dirpleyrd  only  c«*r  th*  0  5-*  on  prrioda,  starting  5015:49  on  19  January,  1C57  whin  th*  HF  tr«n*Bua!oa  •*- 
qBrncs  mi  ohtnjjtd  from  O  S-4  cn,  I  Vi  off  to  OV*  co,  IS  .S*  off.  A*  *  result  of  lb*  later*  of  the  data  taking 
program  tin  beginning  of  lit*  third  tod  and  of  th*  fourth  0  5-*  oa  prnoda  wrf  «  not  recorded.  After  Suker  <t 


Ffc.  t.  Th*  lorwitiin  of  th*  power  is  th*  enhanced  plasm*  Sn«  as  a  ftatrlioo  of  tira*.  Ths  data  ara 
delayed  c*Jy  Mir  th*  O.o-*  on  periods,  starting  5097  93  oa  19  January,  1987  when  th*  HF  traasmiaaioa  *► 
qasao*  was  changed  (rota  0.S-*  oa,  19.S-*  off  to  Oh-*  oa,  I  S*  off.  After  Suber  «t  al.  [1989]. 


fif.  J.  Q»»»-p«rvx}iftny  raeomn*  pubes  m  the  rttaihre  power  ia  deeibeb  of  the  enhanced  plasma 
line  with  a  J-e  on,  »■#  o*  transmitting  sequence,  sampling  the  power  everv  millisecond.  A  2-e  lone  period  start¬ 
ing  at  1UC:C8  on  January  It,  1887  ia  displayed.  After  Sillier  rt  at.  [1838], 
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R.  SMOOC2U,  OS 

*ou  rtfir  to  ducts  bo  inf  sn  explanation  for  tba  observations  ct  Duncan  and  behnka 
(1*71).  Movovar,  tfcalr  drifting  atrlatlona  are  klleuetms  In  alia,  while  the  ducts 
you  arc  dlacuaslnf  ara  2$  ■  In  also.  Sow  do  you  account  for  the  difference? 

AUTHOR'S  RIPLY 

Although  the  ducts  are  about  IS  ■  In  dlnaater,  Individual  ducts  are  aaparatod  by 
about  O.f  to  1  ka.  Consequently,  tbs  fading  peaks  are  separated  by  about  the  sans 
anount  as  that  which  would  bo  expected  fros  the  eelf-focusslng  Instability. 

L.  DC*CAH,  OS 

Zn  fact,  there  hare  been  neseuraeants  shoving  helijht  variations  of  the  enhanced 
■lasaa  line  consistent  with  etructurea  of  An/n  -  far  I  drlrttng  through  the  radar 
bean.  However,  there  appears  toes  restore  to  believe  that  the  lntarnodlate  seals 
structures  associated  with  eelf-focusslng  {-  ks)  and  sea liar  structures  you  ara 
eallina  ducts  (-  2S  a)  nay  both  be  present  aa  cosponents  of  a  wultl-acala 
Irregularity  envlronaent.  There  la  no  1  noons  latency  between  tbaae  nodal a. 

author's  KM.Y 

Perhaps  ducts  and  aelf-focuaalng  Irregularities  could  oo-exlst.  the  data  1  referred 
to  showing  no  height  variation  of  the  PI,  during  -  1  sin  fading  vara  recorded  with  a 
Height  resolution  of  S00  a.  Since  this  v»-  In  several  seta  of  data,  the 
beloht  variation  la  probably  oonalder'bly  leas  than  too  n.  *Me  lnpllea  density 
variation  for  eelf-focusslng  of  laar  than  about  t*.  Your  obaarvatlena  had  a  height 
resolution  ef  200  s,  Z  believe,  so  that  our  observations  could  be  consistent. 
However  quit*  snail  values  of  An/n  ara  lspllad. 


Ilft-I 


A  THEORETICAL  MODEL  FOR  THE  TEMPORAL  EVOtimON  Of  HF-ENHANCED  PLASMA  LINES 

<9 

&PXtM  and  A.YH* 

Weber  Rescan*  Insutute 
Mytechnic  University 
Route  110,  Farmingdale,  NY  11735 
United  Sute» 

MjCLee 

Plasma  Fusion  Center  (NW16-234) 

Massachusetts  Institute  of  Technology 
Cambridge.  MA  02139 
United  States 

and 

F.TDJuth 
c/o  Main  Author 

Abstract 

The  HP-enhanced  plasma  lines  (HJTLs)  observed  in  the  Aredbo  heating  experiments  refe. 
the  radar  returns  at  frequencies  near  the  sum  and  difference  of  the  radar  frequency  and  the  HF-heater 
frequency.  These  enhanced  spectral  lines  are  caused  by  baekscatter  of  radar  signals  from  parametrically 
excited  plasma  waves  having  a  wavenumber  of  18m*1-  A  nonlinear  theory  has  been  developed  to 
describe  the  temporal  evolution  of  those  specified  plasma  waves  and  their  originating  altitude 
interval.  Both  phenomena  of  Intensi'y  overshoot  and  expansion  of  originating  altitude  interval  of 
HFPLs  observed  at  Aredbo,  Puerto  Rlico  are  explained.  The  theoretical  results  agree  well  with  the 
observation  [Djuth  and  Sulzer,  19691. 

L  Introduction 

It  is  generally  believed  that  paramr  rk  decay  Instability  plays  an  essentially  role  responsible  for 
various  nonlinear  plasma  phenomena  observed  during  the  ionospheric  HF-heating  experiments 
(Carlson  et  ai,  19721.  One  of  the  most  pronounced  signature  of  such  an  instability  is  the  observation  of 
HF-enhanced  plasma  lines  (HFPLs)  during  '.lie  heating  experiments.  In  the  Aredbo  heating 
experiments,  these  lines  correspond  to  the  enhanced  backscaller  spectrum  of  the  Aredbo  430MHz 
radar  signals  at  frequendes  near  430  MHz  ±  Fhf,  where  fnF  Is  the  frequency  of  the  HF  heater  wave.  The 
enhanced  radar  returns  at  these  two  sidebands  then  provide  useful  information  on  the  characteristic 
features  of  those  upgoing  and  downgoirg  components  of  the  parametrically  exdted  plasma  waves. 
One  of  the  interesting  features  associated  with  the  HFPLs  in  the  F  region  over  Aredbo  is  the  so-called 
main  plasma  line  overshoot  (Showen  and  Behnke,  1978;  Showen  and  Kim,  1978).  It  has  been 
described  in  detail  by  the  recent  study  of  temporal  evolution  of  HFPLs  [Djuth  et  al.,  1986).  The 
experimental  results  at  high  HF  power  (80  MW  ERP)  show  that  the  HFPL  signal  exhibits  an  initial 
growth  lasting  for  a  few  tens  of  milliseconds  before  reaching  a  maximum  value,  and  then  greatly 
reduces  Its  strength  in  the  order  of  a  few  seconds.  A  theoretical  interpretation  of  this  phenomenon 
has  been  suggested  in  terms  of  a  mode  competition  process  which  results  from  anomalous  damping 
introduced  by  incoherent  scattering  of  electron  orbits  by  the  total  exdted  plasma  waves  [Kuo  et  al., 
1989],  Election  diffusion  in  the  veiodty  space  along  the  magnetic  field  together  with  the  cross-field 
diffusion  in  die  coordinate  space  are  results  of  the  incoherent  scattering.  On  one  hand,  these  diffusion 
processes  appear  as  an  enhanced  viscosity  to  the  electron  motion.  But,  on  the  other  hand,  they 
broaden  the  resonance  interaction  between  the  electrons  and  waves  and  lead  to  anomalous  damping 
of  waves.  The  mode  competition  process  can  be  understood  from  the  fact  that  the  anomalous 
damping  introduced  by  enhanced  electron  cross-field  diffusion  to  each  spectral  line  of  excited  plasma 
waver  Is  proportional  to  the  total  spectral  intensity  of  exdted  plasma  waves.  This  is  because  the 
enhanced  electron  cross  field  diffusion  is  determined  by  the  total  spectral  intensity.  The  increase  of 
the  anomalous  damping  on  the  slowly  growing  plasma  line  can  result  from  the  fast  growth  of  other 
fines  in  the  same  region.  Consequently,  plasma  waves  with  smaller  growth  rates  will  be  suppressed 
by  those  with  larger  growth  rates-  Such  a  mode  competition  process  is  believed  to  be  responsible  for 
the  overshoot  of  HFPLs  observed  with  the  Aredbo  430  MHz  radar.  With  the  improvement  in  the 
altitude  and  temporal  resolution  of  radar  measurements,  the  time  evolution  of  the  intensity  and 
bright  location  of  HFPls  can  be  investigated.  The  experiments  for  such  a  study  were  performed  by 
Djuth  in  the  April,  1988  heating  campaign  with  an  HF  pulsing  sequence  of  9  minutes  off  and  1  minute 
OIL  During  these  observations,  the  HF  heater  was  operated  at  5.1  MHz  and  approximately  80  MW 
effective  radiated  power  was  transmitted.  The  results  show  that  during  the  first  few  seconds  following 
HF  turn-on,  the  HFPLs  exhibits  a  transient  response  wherein  it  overshoot  in  intensity  over  a  time 
scale  of  a  second.  During  this  period  the  HFPLs  also  occupy  an  extended  altitude  interval  which  is 
much  larger  that  that  predicted  by  linear  theory.  The  upper  cutoff  altitude  of  HFPls  (-  275.8  Km)  is 
very  dose  to  the  point  of  HF  reflection  in  the  plasma.  The  location  of  HFPls  never  extend  above  the 
upper  cutoff  altitude  (HF  reflection).  In  general,  the  altitude  interval  extends  only  downward  over  1 
to  2  Km  in  about  30  to  50  milliseconds  following  HF  turn-on.  A  common  experimental  result 
showing  toe  evolution  of  the  altitude  interval  of  HFPls  is  demonstrated  in  Figure  1. 

In  the  present  work,  a  detail  study  of  plasma  line  overshoot  is  given  and  a  theoretical 
Interpretation  on  toe  expansion  of  originating  altitude  interval  of  HFPLs  is  suggested.  The  proposed 


theory  to  baaed  on  IN  1*1*'  Wing  of  foe  bulk  pi  arena  It g  Sayd*!*  and  Gale  *  f*f».  pp  *?-«*!  by 
excited  Langmul'  wives  whoa*  tempore!  evolution  It  described  by  the  model  *,y>,’tioni  domed  in 
eur  previous  work  addretsing  th*  plasma  line  overshoot  phenomena  |Kuo  *1  tl,  19*7]  The  Increase 
of  dvr  ’equivalent  temperature’  of  th*  plasma  which  It  proportional  to  thr  energy  drovi'y  of 
Langmuir  wavs*  c*ut.<t  thr  downahlfi  of  Ihr  matching  location  of  plasma  wav*  dliperslon  relation 
w.ih  frequency  tnd  wavrvector  fised  by  he-iter  wtv*  tr>d  radar  alqnai.  respectively  Thus.  thr  plasma 
warn  responrlhl*  for  HlTlto  arr  excited  nof  only  from  thr  original  matching  location  but  alio  from 
thr  nrwty  established  matching  bright  It  results  in  an  expansion  of  originating  altlludr  Interval  of 
HFTL/  following  thr  growth  and  taturation  of  Langmuir  wavrt.  Thr  theory  and  formulatior,  arr 
presented  In  aeitlon  II  Thr  numerical  rnulU  presented  in  arc  lion  III  havr  reproduced  both  Ihr 
ovrrstvxX  and  altitude  expansion  phenomena.  A  summary  of  thr  work  la  given  in  taction  IV 

H  Tbrory  and  Formulation 

Aa  ptaama  warn  arr  excited  through  thr  paramrtric  decay  lnatablllty,  their  wav*  field*  affect 
the  motion  of  electroni  and  Introduce  electron  dlffualon  In  the  velocity  apace  Such  a  diffusion 
prorraa  can  hr  described  by  a  quasi-tlnrir  di/futton  equation  wherein  thr  dl/fuaion  coefficient  can  be 
arparatrd  Into  two  part*  Thr  nraonant  interaction  of  wave!  and  electrons  contribuw  to  thr  retuntni 
part  of  thr  ditiuston  coefficient  llowrvrr,  only  very  few  electrons  art  Invclvrd  in  thr  Interaction 
On  thr  other  hand,  thr  nonreaonant  (or  adiabatic)  Interaction  Involve!  thr  main  body  of  thr  plasma 
distribution  In  thr  pia-ma  otcillation!  Thr  oscillatory  kinetic  energy  associated  with  Ihr  racited 
Langmuir  wave*  Increase*  aa  thr  amplitude  of  the  waves  Increase  and  Ihr  main  body  of  thr  plasma 
appears  to  be  heated  On*  can  show  that  the  main  body  of  the  plasma  electron!  to  effectively  heated  In 

the  preaence  of  plasma  wart*  by  thr  trtrprrahjr*  Increment  t* J  Ej/4xn,  whrrr  la  the  lprciral 

totmalty  of  plasma  waves  and  n,  la  the  background  electron  density  |e  g  Sigdree  and  Caleev,  1%9] 
Contrqurn'ly.  thr  diaprrslon  relation  of  plasma  wav*  •*  modified  to  be 

*  •$*  ♦  Dosin’*  ♦  3k JlT.erJ/m.  where  agg  ay,  i(  $,  O,.  m,and  T,  arr  thr  Langmuir  wavr 
frequency,  electron  plasma  frequency,  Langmuir  wavr  number,  Ihr  propagation  angle  of  Langmuir 
wav*  with  respect  to  the  geomagnetic  field,  th*  electron  gyrofrequency,  the  electron  mat!,  and  the 

unperturbed  electron  temperature,  respectively.  Sine*  *  «*tr  required  by  the  frequency  matching 
condition  of  th*  parametric  instability  and  kj  •  *  2kg  required  for  bring  able  to  be  detected  by  the 
backscartcr  radar,  where  where  kg  la  lh*  wavevectof  of  the  radar  signal,  the  diipertlcn  relation  to 

reduced  to  ♦  Jkjt/rn.  •  const  It  implle*  that  th*  modification  of  th*  dispersion  relation  of  th* 
plasma  wave  due  to  Unit*  t  to  going  So  change  the  matching  height  location  of  the  plasma  wavea 
responsible  for  HJTLs  Aa  t  Inert  am  !n  time,  the  matching  height  location  alio  moves  in  time 

k*  a. 

according  to  the  rat*  equation  jesj,  •  -Jg*  ft  to  noted  that  lh*  ptaama  warn  whidt  are  responsible 
for  IfITLe  in  the  early  time  will  continue  to  grow  at  lh*  original  location  aa  long  aa  the  pump  field 
still  ev reeds  the  enhanced  threshold  field  of  the  parametric  Instability.  If  a  linear  density  profile  to 

assumed  for  the  heated  Ionosphere,  La.,  where  L  Is  the  linear  scale  height  of  the 

Ionospheric  density  and  Wm,  to  th*  riectroei  plasma  frequency  at  the  original  matching  location,  we 
then  have  the  rat*  equation  for  th*  originating  altitude  of  HFTTj  as 

0) 

Equation  (1)  indicate*  that  the  originating  altitude  of  HFPLa  to  goirq  to  move  downward  as  t 
increases.  This  represents  a  downward  expansion  of  thr  originating  altitude  interval  of  HFPL*. 


Let  to  ■  4ein*Jdk  k*Ej,  represent  th*  spectral  Intensity  of  Langmuir  waves  propagating  at  th* 
stm*  angle  t  with  respect  to  th*  earth's  magnetic  field,  thus,  t  can  be  exnresaed  in  terms  of  to  ts 

t-lftodljtaw  where  If  to  the  averaged  maximum  spectral  angle  of  excised  plasma  waves. 
Substituting  this  expression  of  » Into  (1),  yields 


ca 


Th*  nit  aqua Son*  tor  Bp  and  t«  <U.  and  —*)  were  (Wady  derived  In  our  a*riy  work  tKuo  at 
*1,  IM7]  on  A*  ahady  of  HJTLi  overshoot  phenomenon.  In  th*  following,  a  brief  aummary  of  tht 
prrvtoui  dertrattem  la  included. 

Ikt  Bawar  growth  rata  of  parametric  bistability  for  th*  spectral  Una  k  it  found  to  ba 

£.«k,'Wfc.fck  0) 

atm  •  **B*fK«wMtocl)w,  U  •'*//*,  Pi  ■  jJ<Vvrr,  vt(  .  kc.  and  ia  th*  elect  ron- 

|en  >«nt«a«w  haquaacy. 

The  ttaaar  growth  rata  la  than  given  by  tL,,..  *  Co^/fPtVxis2#  -  (So  for  k-ka-a,coa1l/4{5*  tt  la  aaan 
#1*1  th*  ttnaar  growth  rata  of  th*  spectral  Una  la  a  function  of  th*  propagation  angia  8  and  th* 
•ravanumbtr  k,  and  the  growth  rat*  I*  maximized  for  aach  k  at  8  -  0  For  a  pump  field  exceeding  the 
threshold  Arid,  th*  maximum  angle  for  th*  unstable  |k|  mode*  la  given  by  Sot  *  cos  ,[(Pg+$ikyakl/,j, 
wtaar*  g,*P|ktekw  la  required  for  A*  Instability. 

Two  woadlnear  damping  moehanism*  will  ba  considered  to  (Main  A*  net  growth  rate  of  th* 
laatabUlty.  Th*  flrat  am  la  the  cascading  of  th*  plaama  Unea  which  occurs  when  A*  amplitude  of  the 
eaclwd  ptasma  wave  exceed*  th*  threshold  of  parametric  decay  process.  The  daughter  plasma  wive  of 
each  cascading  process  then  take*  energy  away  from  It*  corresponding  mother  plasma  wave,  and 
eventually.  A*  Mai  energy  drained  by  all  th*  decay  wave*  becomes  large  enough  »  stop  the  growth  of 

A*  Brat  mother  plasma  wav*.  Baaed  on  th*  balance  relation,  the  anomalous  damping  rate  vj,  on  th* 
storting  decay  proem  la  daducad  lob* 

vJt-{Ak)“k'/,*E*V2<nvni<*BC«)1/3  (4) 

where  dk  la  th*  apactral  width  of  aach  apadnl  Una  and  given  by  Ak/kg  -fTakPi/kjvJ,;  v£«T,/m* 

fine*  vL  I*  proportional  to  Bg*  only.  A*  cascading  process  can  only  lead  to  the  saturation  of  the 
tnatability.  The  second  non-linear  damping  mechanism  which  originate.;  from  th*  broadening  of 
wav*  electron  resonance*  In  th*  presence  of  random  scattering  of  electrons  in  the  excited  turbulent 
field  I*  considered  to  be  the  cause  of  HFPL  overshoot  phenomenon,  ft  has  been  shown  by  Dum  and 
fXiprt*  (1970]  that  th*  field-dependent  resonance  broadening  can  be  expressed  A  terms  of  diffusion 
coefficients  which  broaden  the  resonance  function  in  a  similar  way  as  collision*)  damping  does.  In 
A*  magnetized  plaama.  A*  cross-field  diffusion  will  b  Ae  major  response  of  electrons  to  the 
Incoherent  scattering  by  wives.  The  diffusion  damping  rate  to  the  k  line  is  Aua  obtained  to  be 

tW-kaBiki  6) 

where  5*  •  J  IctflxE^XtxEfyBjiavsIrto^Trt)-  T*s  “  * ^oeottr,  and  oj  «acj  I*  assumed, 
r 

Replacing  the  summation  by  integral,  w*  can  rewrite  (5)  a* 
d*(k) » (csA^l/^a^jJf  Jai‘vlain,0'co»9T*rdk'd8'  (6) 

hwa  0),  <0  and  (6),  A*  nonlinear  growth  rale  of  the  k  Hne  can  be  defined  by 
M-W  .,  (7) 

Th*  rate  equation  for  dcaaibing  A*  nonlinear  evolution  of  Em  is  then  given  by 

(g) 

I*  terms  of  1*.  aquation  (8)  bacomaa  approximately 


11*4 


where  Ps  •  JtPe+Pibe),  %  «s(Ak/fce)*'HjfV(4giiafcn^^)Ca)  A  ft  4 

2s  •  (hacIkJ,!ain*G/2B  ;  k«  •  a’coa’Mp*  *nd  k  "  2k«/k*i*_*  ;  •*  l»  defined  by 

asvcosRrfk-S'k'W?  «  0  which  lead*  Id  the  rate  aquation  for  •»  aa 

A  « -(beinhtraw4®.  /  (osin1#.  ♦  bI«^!n,8ucos'8, 
at 

♦  Q  •  Ssin’fl./cost^^/a^cc**.  - 

J^|a*cos  •  p»  •  iZa  •  njli^l  l*ain1fct3#6cW  (10) 

with  Iht  coefficient*  b  *  aV/SJ^fcJii  a  •  aVft 

Equation!  (2),  (9)  and  (10)  rap  ream  t  three  coupled  equations  for  describing  the  temporal 
•volution  of  the  apectra!  tntenilty  of  plajma  warea  oriented  at  the  angle  t  and  the  height  of  HFFLa 
These  aquations  trill  be  solved  numerically.  In  terms  of  dimensionless  variabtea  :  E  •  x/l„  ^  *  2fi,t, 
sod  St  •  ls/4nv>T»  aquatic r  s  (2),  (9)  and  (10)  are  normalized  (or  num:  deal  analysis  to  be 


(ID 

^  •  [afcos’O  - 1  -Bco»!0sinJ0  co;6  d0 

-Coos*»sln',/58ia'/,]i,  03 


*8*  -  -  (Bsin,B1^os,?o/f2cfsln,60  ♦  BJt^lnHjcCos^,,  ♦ 

O  -  SslnI9./eo*,0oXafcosJ8,  •  1) 

-  05/2  -  ?sin^0/a»>9J«os  J0osin-'/,ei,/,S 
f(j)sIn1eco,9d# 

where  at  -  0/0*.  a*  •V&&)'n.A~  3kjvi/*^,  >  »  <2a?pJvitaJ„/p?aJi«i  and  C  -  Pf«MV/2Vj^vi- 

BL  Results 

Using  the  following  parameters  relevant  to  the  Arecibo  heating  experiments  : 
v.  .  I  JariO^an/sec,  c,  - 1  .SxIoWsec,  T,  -  T, .  HOO*  K,  mJT*  -  5.1x1  Aer>,  H,  -  35  cm  (for  430  MHz 
radar),  and  v*  •  500  Hz  and  ai  -  2_  we  then  have  p,  *  125  Hz,  Pi  •  0021 2c. ^  A  •  1/50,  8  «  120  and 
C»0325-  Equation!  (11H13)  are  then  Integrated  to  determine  the  time  dependence  of  die  reflection 
height  and  intensity  of  HFPLa. 

Shown  in  Figure  2(a)  and  (b)  are  the  numerical  results  describing  the  Uj»  and  the  lake 
temperature  Increment  t,  where  !«•  simulates  the  plasma  line  detected  by  the  Arecibo  430  MHz 
bsducatter  radar  tine?  the  vertical  lines  of  sight  of  the  Arecibo  radar  makes  Vf  angle  with  the 
geomagnetic  field.  The  observed  overshoot  phenomenon  of  HFTTs  is  successfully  reproduced  by  the 
numerical  result  of  our  theoretical  model.  It  is  noted  from  equation  (2)  that  the  matching  height 
locrtion  of  the  plasma  lines  responsible  for  HFPts  is  going  to  move  downward  during  the  growth  of 
plasma  wives  This  observation  la  demonstrated  by  a  numerical  result  evaluated  for  the  Arecibo 
situation.  This  result  is  presented  in  Figure  3.  It  shows  that  the  matching  height  location  indeed 
moves  downward  as  the  total  irtensity  of  plasma  waves  grows.  This  location  eventually  settles  at  a 
distance  0.05L  below  the  original  altitude  after  the  HF  heater  is  turned  on  for  about  50  milliseconds 
As  mentioned  before,  this  represents  the  expansion  of  the  originating  altitude  of  HFFlj  bee- use  the 
plasma  lines  responsible  for  IfFFLs  are  continuously  excited  not  only  from  their  original  location  but 
also,  at  the  same  time,  extending  to  a  lower  altitude  due  to  the  Take  heating*  of  electrons  by  the 
exdted  plasma  waves.  The  ionosphere  scale  height  U  deduced  from  the  experiments  is  about  22 
Kilometers  [Djuth  et  aL,  1986],  leading  to  the  calculated  expana'on  of  die  originating  altitude  interval 


•I  HFPU  to  be  l.t  Kilometers.  These  theoretical  result!  agree  well  both  qualitatively  ami 
quantitatively  with,  tho  observation  shown  in  Figure  1. 

ta  the  present  theory,  two  nonlinear  effects  arc  btduded.  Mode  competition  mechanism  It 
fee  possible  for  overshoot  while  cascading  mechanism  is  responsibla  for  the  salutation  of  the  plasma 
fines.  Only  when  the  first  mechanism  dominates  over  the  second  mechanism,  overshoot  can  occur. 
Therefore,  It  Is  useful  to  find  out  the  rrlttionihlp  between  overshoot  phenomenon  end  the  heeler 
Intensity.  The  dependence  of  the  overshoot  Intensity  and  overshoot  time  on  the  pump  Intensity  are 

C0fKrm#a. 

vd  h,  t]  end  t]  represent  the  times  for  the  plasms  fine  to  reach  its  j  *tk  intensity,  then  drop  its 
Intensity  to  one-half  and  then  one-tenth  of  its  peak  value,  respectively.  According  to  our  theoretical 
•node),  tj  approaches  Infinity  If  this  plasma  line  does  not  overshoot.  The  dependence  of  these  three 
characteristic  limes  on  the  heater  Intensity  is  displayed  In  Figures  4{aM(c).  Shown  ta  Figure  5  is  the 
dependence  of  the  peak  Intensity  of  HFPU  on  the  heater  intensity.  The  resuita  show  that  both 
oeerahoot  times  and  peak  intensity  of  HFPU  decrease  general!/  with  the  heater  intensity. 


a. 


Figure  4(e)  Time  to  tenth-peak  intensity  t*  vs.  u 


IV.  tusunary 

Ouf  theoretical  model  {Kuo  et  tl.,  19? 71  developed  originally  for  expliizl'g  ftt  Intensity 
orvnhoot  of  the  HFTTj  has  been  extruded.  The  extension  of  the  mcdel  Is  based  on  a*  fiet  that 
aonmoninl  heating  of  plarm*  electrons  by  the  pmmjtTlcally  excited  Langmuir  wax  -  in  yield  in 
apparent  Increment  In  electron  tccr-rrsturr.  T1  h  fake  heating  of  electrons  LoSoduce  n  extrt  term 
Into  (he  dhperrlcn  relation  of  Langmuir  waves.  The  modification  of  the  dBperslon  nation  more* 
tfte  matching  location  of  the  1  liTLs  to  •  lower  altitude  where  the  plums  icrs’vj  is  lea  thin  that  at 
fodr  Initial  toecUcn.  Till*  extended  rr.oirl  Is  Intended  to  explain  the  newly  obiened  expansion  In  the 
originated  altiivds  Interval  of  HIT  La  This  model  cut  successfully  reproduce  both  the  Intensity 
overshoot  end  the  expansion  of  the  originating  iltltude  Interval  of  HFPLi  In  good  agnesnent  with  the 
otenriHVii  The  numerical  results  of  the  Iheort'.leal  model  abo  show  that  both  [he  overshoot  time 
end  Intensity  decrease  generally  with  the  pump  Intensity. 

b  It  noted  that  thermal  filimentitlon  Instability  can  generate  large  sale  density  perturbation  (> 
1  Km  scale  length)  which  may  also  eautut  the  shift  of  the  plasma  line  altitude.  Ho  eeter,  two  fact* 
Stands  on  the  way  to  rule  out  the  possibility  of  this  Instability  as  the  causa  mechanism  for  the  observed 
phenomena.  One  is  Its  growth  time.  It  tales  at  least  a  few  seconds  for  the  development  cf  large  teals 
density  Irregularities  through  thermal  filamcntatlon  Instability  (Kuo  and  Schmidt,  I98U  The  other 
One  Is  the  filamentatlon  direction  which  la  shown  to  be  perpendicular  to  the  magnetic  meridian  plane 
far  an  Oanode  pump  (Kuo  and  Schmidt,  1933). 
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t  suited  to  point  out,  nltnnt  to  your  loot  oonclusloa,  that  when  tho  plasaa  lino 
strength  la  noderete,  tha  overshoot  durations  wrt  several  seconds,  ami  wh*4  tho 
strengths  vers  strong  the  overshoots  war*  "sharp*,  vlth  duration  of  *  %  sac.  1 
should  also  ark  tha  last  speaker,  Don  Nuldrev,  if  thosa  observations  are  consistent 
vlth  ftia  duct  theory. 

ftOIMft’d  im» 


(Kuo]  Our  results  are  ooralatant  vlth  your  rtaarks.  Aa  vs  have  shown,  both  tho 
•vorshoet  tins  and  plaaaa  lino  strength  are  pump  power  dependent.  In  tha  region 
1.42  <  ryt+s  *  1,T.  tha  overshoot  tias  dacreasoa  vlth  tha  puap  power,  while  the 
plaaaa  llhe  strength  Increases  vlth  the  puep  Intensity.  For  I-SS**  ”  1.7,  the  plaaaa 
line  readies  tha  peak  In  leas  than  1  aac. 

[Kuldrew;  The  observations  era  oone latent  vlth  tha  duct  theory.  Modarato  PL  strength 
lap  Ilea  aodarata  L-wava  Intensity  In  the  duct  and  a  strong  PL  lapliee  strong  L-vav* 
intensity,  fleet ron  heating  In  tha  duct  would  occur  aoro  quickly  vlth  strong  L-vevo 
Intensity  and  bene*  duct  electron  density  would  decrease  eor*  quickly  than  with 
aodarata  L-wava  Intensity.  Landau  dating  of  tha  trapped  Langvulr  waves  responsible 
Cor  beckscattering  the  radar  would  thus  also  occur  sooner  for  the  strong  PL  oasa, 
i.o. ,  tha  overshoot  would  bo  shorter  or  sharper. 

I»  OOSCAX,  OS 

«bo  feet  thermal  affect  duo  to  your  'fake'  heating  fro*  enhanced  Langmuir  waves  Is 
very  Interesting  end  helps  explain  s  nusber  of  features  of  the  overshoot.  However, 
there  ore  also  other  features  which  Indicate  s  role  for  density  structures  In 
overshoot  ouch  aa  In  tha  previous  talk,  Tfcesa  data  note  a  strong  dependence  on  tha 
character  of  overshoot  Laasd  upon  off  tlaes  of  tha  puap  vavee  for  ascends  to  tons  of 
oeoonfle  ties  scales,  consistent  vlth  diffusion  relaxation  of  structures. 

ftOTBOft'f  KSPLT 


The  two  phenomena,  plasaa  line  overshoot  and  axpanalon  of  altitude  Interval  of  HF  PLs 
discussed  In  ay  talk,  were  etoarved  glnultanoously  in  the  Araclbo  beating  axporinonta 
only  ofcen  the  ionoejhcra  la  ejsj  pro-ootsditlonod.  Tho  experiments  vara  perronosd  with 
hooter  on*  nlnuto  on  and  nino  mi  no  too  off.  each  on  errsrejsncnt  was  intended  to 
oil* Irate  tha  possible  role  of  hooter  Induced  irregularities  (or  ducts)  on  the 
observed  phanoasna.  Tho  possible  role  of  naturally  occurred  irregularities  as  the 
wueo  of  the  observed  phenomena  was  also  not  likely  because  tho  background  plasaa 
during  the  exparlaenta  was  vary  quiet  and  tbs  too  pboneaana  wore  observed 
pars  latently  over  tha  long  experimental  parlod. 

.  *> 


fruar  »  Valao  (1*72),  Perkins  at  *1.  (1*74),  Chan  *  r*)*r  (7)  and  other  author* 
consistently  see  strong  oscillations  In  tha  intensity  of  nuaerieal  solutions  to  tha 
vsve-klnotlo  aquations,  your  calculations  do  net  show  that.  Why? 

WnoR'f  S2PLT 


Two  nonlinear  processes  are  included  In  our  theory.  On*  Is  cascading  of  plasaa  lines 
raaponslbl*  for  tho  saturation  of  plaaaa  lines.  The  ether  one  la  sod*  competition 
oaoog  plaaaa  lines  responsible  for  overshoot  of  plasaa  lines.  Those  two  nonlinear 
prooeeeaa  era  coo-pat ing  end  praqj  power  dependent.  Vh*n  purp  power  Is  low,  cascading 
process  la  dealnant  and  there  la  no  overshoot,  in  this  region  tho  energy  of  Langmuir 
*****  oscillate*  In  tin*  before  reaching  a  constant  saturation  level.  As  punp  power 
Increase*,  node  competition  process  gradually  takas  over  and  tha  oscillations  of 
lengwnlr  wav*  onorgy  become*  lass  apparent.  This  trend  Is  shown  by  our  calculations. 
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Whan  very  high  power  radiowaves  are  reflected  from  the  lonoaphere,  modifications  In  the  phyalcal 
characteristics  of  the  ambient  plttma  are  produced.  These  include  the  production  of  ttSJ  aligned  plasma 
sCrUtions  with  tale  tire*  acroae  the  geomagnetic  field  lines  ranging  from  a  few  metres  to  a  fine  kilometres.  The 
penance  of  Iheee  strlations  produces  mtcmalous  absorption  of  both  the  heatr  wave  toe#  and  of  other  HF 
signals  propagating  through  the  modified  region.  During  experiments  at  Tromse,  Norway,  with  the  heating 
fadllty  constructed  by  the  Max  Planck  Inctltu*  filr  Aeronomy,  Ll-.dau,  West  Germany,  marked  changes  In  the 
fading  rate  of  HP  algnala  reflected  ftorn  the  heated  volume  have  beer.  noted  These  rapid  Suctuadona  in  aignal 
emplitsides  ere  thought  to  be  produced  by  medium  rcalc  strlitions  generated  during  thehaat'ng  process.  An 
tetlmate  of  acale  slat  of  these  striidcrj  la  made  from  the  experimental  data. 

Meiw ramrnfi  of  fading  rate* 

Small  scale  Irregularities  with  wrvelm-ihs  between  (1  •  lOfim)  are  generated  by  Instabffitfes  which  Involve  the 
•xritittei  of  ebetrertatfe  plima  waves  (Dr  s  ar.d  Fejer,  1979,  Inhrctcr  et  al,  1981,  Perkins  and  Valeo,  1974).  These 
irregularities  produce  anomalous  absorption  of  an  O-mode  wava  propagating  through  the  disturbed  region, 
{Graham  and  Fc}er,  1976,  Jo.iev  et  al,  1934,  Robinson,  1939).  The  X-mode,  however,  does  not  suffer  anomalous 
absorption  and  ths  amplitude  fading  rates  observed  arc  produced  by  changes  fat  the  electron  density  structure 
lather  than  by  anomalous  absorption.  Sir.ce  an  X-mode  signal  Is  reflected  at  a  lower  height  {smaller  electron 
density)  than  an  O-mode  of  the  same  frequency,  the  X-mode  diagnostic  signal  la  transmitted  at  a  frequency  aom* 
0l23  MHi  above  the  O-mode  heater  (pump)  frequency.  This  ensures  that  the  X-mode  signal  Is  reflected  at  a 
Mght  dot*  to  that  at  which  the  heating  wave  Interact*  most  strongly  with  the  ionospheric  plasma.  The  heater 
and  diagnostic  geometry  is  Oustratcd  in  Figure  1. 

Typical  examples  of  the  changes  produced  by  the  Heater  In  X  mode  fading  rates  manured  during  quiet 
ionospheric  conditions  on  the  17  and  22  March,  19S5,  are  reproduced  In  Figure  2.  The  heater  was  operated  at  full 
power  (4544  MHr,  ERF  -  360  MW)  in  a  2  min  on,  6  min  off  cycle  on  17  March  and  a  3  min  on7  mlr  off  cycle  on 
22  March  There  is  no  overall  change  in  signal  level  indicating  the  absence  of  anomalous  absorption.  There  is. 
however,  a' very  marked  change  In  the  fading  rate  during  times  of  healer  on.  The  increased  fading  rate  persist 
oven  after  the  heater  has  been  twitched  off.  lonograms  taken  during  the  experiment  hxfexte  that  there  is  no 
change  In  propagation  mode  structure  is  during  heating.  It  is,  therefore,  concluded  that  the  enhanced  fading  rate 
It  a  direct  consequence  of  multiple  field  aligned  scatters  created  within  the  heated  regim.  It  becomes  more 
difficult  to  distinguish  the  enhanced  fading  rate  from  the  background  fluctuations  during  tfisturbed  ionospheric 
conditions. 

Spectral  characteristic  of  the  X-mode  signal 

The  complex  spectrum  of  the  47  MHa  diagnostic  aignal  was  obtained  from  samples  of  toe  real  and  imaginary 
output  of  die  receiver  by  means  of  an  FFT.  Two  effects  are  apparent  At  heater  bn-on  there  is  a  bulk 
downward  displacement  fat  die  reflection  level  (♦  Doppler)  which  decays  sway  during  the  on  period.  At  switch- 
off  there  la  an  upward  movement  (-  Doppler)  which  gradually  decays  as  the  ionosphere  recovers-  Such  changes 
have  bean  reported  by  many  authors  (eg.  Jones  et  al,  1982,  Robinson,  1989). 

The  second  effect  Is  the  spread  In  the  frequency  of  the  signal  during  the  on  period.  This  is  due  to  the  enhanced 
fading  present  at  this  dme.  ft  persists  throughout  the  heater  on  tire  and  takes  over  1  minute  to  decay  after 
heater  turn-off.  It  Is  this  spectral  spreading  that  forms  the  basis  of  this  study. 

Following  the  procedures  fee  studying  of  the  scintillation  of  trans- ionospheric  propagation,  (eg.  Aarons  et  al 
1971,  ProceSo  et  al  1968,  Frey  ft  Duncan  ?'*84,  Booker  1979),  It  is  possible  to  assign  a  special  power  index  to  the 
poser  spectrum  of  the  X-mode  fading.  An  example  of  this  type  of  spectrum  is  reproduced  in  Figure  3  together 
wfth  a  schematic  diagram  which  illustrates  the  main  features.  The  FFT  technique  was  applied  to  2043  data 
temples  representing  a  120  tec  interval  resulting  in  a  frequency  resolution  of  O  Ol  Ha  over  (he  range  0  to  16  Hz. 


U-2 


The  KintUUtkm  spectral  density  U  constant,  M  expected,  for  dimensions  larger  than  the  Fresnel  tale  tlze  X*  Oq 
•  2*/Xf),  which  cDCTopoodi  to  <  frequency  of  0.4  Hz  In  Figure  X  The  sdntUUtksi  frequency  f,  an  he  written  in 
terms  of  the  tonotpheric  drift  velocity,  U*,  u 


to  a  drift  velocity  of  ISO  ms*1  this  cormpondt  to  t  Fretnei  dimension  k,  of  2  x  lfr*  m*1.  For  the  parameter*  of 
the  Trans*  heeler,  radiating  a  frequency  of  45  MHz  (X  •  65m)  and  a  reflection  height  z  •  200  km,  the  value  of 
the  Fretnei  zone  parameter  Iq  it  expected  to  be  about  1.17  x  10"*  m'1.  The  differena  between  the  two  values  for 
the  Fretnei  zone  an  be  attributed  to  both  the  "Fresnel  Filtering*  effect  and  the  focussing  effects  observed  during 
strong  refractive  scattering  (Briggs  1975)  It  should  be  noted  that  the  noise  cut-off  in  the  spectrum  of  Figure  3 
occurs  at  about  4  Hz  and  that  all  the  important  information  la  contained  in  the  range  0  to  $  Hz. 

The  epectral  power  index  p  has  been  obtained  by  applying  e  lean  squares  fit  to  the  spectrum  between  the 
Interval  05  to  3.0  Hz.  The  S4  index  was  obtained  by  Integrating  the  area  under  the  power  spectrum  (from  0.01  to 
16  Hz)  zt  Indicated  by  the  shaded  region  of  Figure  3.  The  values  obtained  for  this  spectrum,  p  »  2.94  and  S4  • 
147,  India's  Out  a  strong  scattering  regime  exists  during  heater  on  times  (Booker  ct  d  1986,  Singleton  1969) 

A  comparison  of  die  scintillation  parameters  during  heater  on  and  off  periods  has  been  made  from  data 
ooDected  between  1i.46  and  1457  UT  on  17  March,  1985.  During  this  period  the  heater  radiated  an  X-mode  at  a 
frequency  of  4.544  *  '  with  an  erp  of  360  MW.  The  diagnostic  frequency  was  4.7  MHz  and  the  fading 
characteristics  wars'  n  *ssured  for  the  X-mode  component  which  was  isolated  by  means  of  a  polarimeter  at  the 
receiver  A  7  nh  on  8  min  off  heating  cycle  was  employed.  Examples  of  the  fading  apectra  obtained  during  this 
period  are  e-produced  in  Figures  4  (a)  to  (d).  The  derived  S4  and  spectral  Index  parameters  are  presented  in 
Table  1. 

Both  die  S4  and  spectral  Index  Increase  during  tho  period  of  heater  on.  The  steepening  of  the  spectral  slope 
(over  the  interval  05  to  15  Hz)  during  the  times  of  heater  on  suggests  that  more  power  has  been  deposited  in 
die  Intermediate  size  irregularities  than  was  present  before  heating  commenced.  It  la  not  dear,  however, 
whether  die  power  Increase  in  the  intermediate  scale  irregularities  Is  due  to  die  cascading  of  the  larger  scale 
irregularities  Into  smaller  sole  sizes  or  to  the  growth  of  the  small  scale  irregularities.  The  theory  of  self 
focussing  instabilities  suggests  that  the  break-up  of  Urge  scale  irreguUrltiet  would  occur  due  to  stimulation  by 
the  heater  However,  the  consistent  increase  in  the  S4  index  during  heater  on  times  Indicates  that  a  stronger 
tattering  regime  exists  when  the  heater  ta  on.  This  effect  it  seen  more  dearly  by  considering  the  spectra 
reproduced  in  Figure  5,  in  which  five  of  the  120-sec  interval  apectra  presented  in  Figure  4  ere  averaged  to 
Illustrate  die  prindpal  changes  in  the  spectra]  characteristics  of  the  diagnostic  signal  between  periods  of  heater 
on  aid  off.  The  general  trend  observed  la  for  the  spectra!  dope  to  become  steeper  (p  Increases)  and  the  S4  index 
to  exceod  one,  indicating  that  saturation  and  focusing  is  occurring,  (Salpeter  1967)  for  periods  when  the  hester  Is 
on. 

‘  '  •  I 

A  similar  experiment  was  performed  on  22  March  1985  from  1154  (UT)  until  1524  (UT)  in  which  a  4.70  MHz  X- 
modt  diagnostic  signal  was  received  while  the  heater  (4.91  MHz,  ERP-360  MW)  was  operated  at  full  power  in  a 
5-ndn  on,  7-mln  off  switching  sequence.  The  spectra,  obtained  by  averaging  over  five  individual  120-sec  spectra 
corresponding  to  times  of  heater  on  and  off,  are  presented  in  Figure  6.  The  steepening  of  the  spectral  slope 
between  periods  of  heater  off  (p  ■  256)  and  heater  on  (p  «  2.83)  once  again  indicates  that  more  power  is  present 
in  die  intermediate  scale  irregularities  when  the  heater  is  on.  The  concurrent  Increase  in  S4  index  (0.48  (off)  - 
1.05  (on))  confirm  the  need  for  a  strong  tattering  theory  to  explain  die  observed  scintillation  cf  the  diagnostic 
signal 

S  mb  wary 

The  values  of  die  spectral  and  S4  indicts  obtained  from  the  fading  rates  of  an  X-mode  diagnostic  signal  Indicate 
that  the  heater  induces  a  strong  tattering  regime  in  the  ionosphere.  Saturation  and  focussing  mechanisms 
must  also  be  considered  since  die  S4  index  is  frequently  greater  than  unity.  The  steepening  of  the  spectral  slope 
between  heater  on  and  heater  off  periods  suggests  that  power  is  being  deposited  into  the  intermediate  scale 
irregularities  during  heating  The  change  from  slow  to  fast  fading  induced  by  the  heater  suggest  that  large  scale 
structures  are  broken  up  due  to  stimulation  of  filemen'atkm  instabilities  and  a  scale  size  of  the  order  cf  1  km  is 
observed. 
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Acfcao whJymail 

Wt  Mould  like  to  think  th»  Mix  PUnck  Iiutitut  far  Aeronomle,  tlndsu,  for  irikinj  the  Inner  irailibli  ind 
Dr*  P  Stubb*  ind  M  Kopke  for  thdr  hr!p  In  thli  project.  One  of  us,  Angeli  Wilkinson,  Mkn'wMgn  th*  receipt 
Cl  M  SERC  studentship. 
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Fig.  1  Plan  of  the  positions  of  he  diignostic  transmitters  ind  recelTets 

relitive  to  the  Heating  Facility  it  Pomfjordmoen  during  ;m  March 
1985  campaign. 
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Rj.  S  Hie  characteristic  power  spectra  of  in  X-mode  diagnostic  signal  obtained  during  periods  of 

heater  on  and  off  by  averaging  data  over  5  consecutive  heating  cycles.  The  shift  in  spectral 
Index  from  p  •  1 J2  (off)  to  p  •  137  (on)  indicates  that  more  power  is  being  deposited  into 
smaller  scale  irregularities  during  periods  of  heating. 


22  MARCH.  1985 


05  t  2.  4.  6. 


FREQUENCY  (Hz) 


Hg.4  As  for  (5)  but  obtained  on  22  March,  196S.  Each  spectrum  is  an  average  over  5  consecutive 

heater  switching  sequences. 
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«.  ocmo cm,  <21 

So  you  explore  height  variation  of  "etrong*  eeetterera  by  selecting  frequency  of 
diagnostics?  Hhet  happen*  for  path*  below  Hf- Induced  strong  ecattcrara? 

unM'i  mply 

|M  wo  usually  eaploy  thraa  or  four  frequencies  selected  to  that  they  hava  reflection 
point*  above  and  balov  tha  haatar  raflactlon  height.  The  affacta  observed  decay  aora 
rapidly  aa  you  aova  dovnvard  balov  tha  heating  level  than  they  do  with  Increasing 
dlatanca  (height)  above  tha  raflactlon  level. 

*.  um,  vt 

divan  that  you  aaaaura  the  quadrature  coaponanta  cut  of  the  receiver,  have  you  looked 
•t  the  full  spectrum,  *  frequency  ahlfta  and  1*  there  any  deviation  froa  • 
symmetrical  ahape  and  are  thera  any  offaat*  froa  taro  Dcpplar  which  sight  lndlcat* 
drift*  through  tha  heated  regions? 

jumtot'd  ufly 

there  Is  little  overall  frequency  ahift.  Thar*  art  of  court*  large  frequency  change* 
In  tha  diagnostic  associated  with  heatar  turn  on  and  turn  off.  W*  have  found  no 
evidence  of  a  drift  Induced  by  heating  although  w*  have  looked  for  this  using  a 
spaced  receiver  method. 

k.  c.  via,  us 

Your  fading  neaeurer.ents  such  aa  5,  end  the  apectrua  seas  to  rafar  to  aeplltud*  only. 
Do  you  hava  phae*  measurements?  It  ao,  what  1*  the  behavior  on  tha  phase  date? 

Mrmoft1*  uply 

Ky  remarks  referred  to  tha  aeplitude  only.  Wa  have  the  phaae  Information,  but  have 
not  done  a  slallar  analysis  on  thee*  date.  Mote  that  the  phase  change  is  usually 
■lower  then  the  amplitude  effect. 

o.  a.  shuts,  u* 

Using  the  quadrature  component*  of  the  received  signal,  have  you  looked  at  the  actual 
spectrum  of  the  signals,  1.*,,  with  positive  end  negative  Doppler,  do  you  jea  an 
Offset  and  approximately  how  wide  la  that  spectrum?  You  eight  be  able  to  eay 
something  about  tha  drifts  driving  these  acros*  the  pattern. 

a union' a  mply 

This  ia  juat  the  aeplltud*  apectrua.  Ha  deliberately  Introduce  a  2.)  Ha  offset 
between  the  tranaaltted  frequency  end  the  receiver  local  oscillator,  and  you  can  ee* 
that  there  ia  a  spreading  of  about  half  a  Harts  during  haatar  on.  It's  more 
sonatinas  —  these  are  particularly  strong  examples,  but  they  don't  usually  show 
that  big.  Nora  typically  It's  about  half  a  Karts.  There  is  not  a  shift  froa  saro 
Herts,  juat  the  spreading.  This  doesn't  ahov  you  share  tha  energy  la  distributed  — 
the  dynamic  rang*  in  our  plot  la  saro. 
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I—tyfctric  nodlflcatle*  with  high  pover  radio  vaves  aay  fanarata  plaaaa  Irregularities  and 
alrglev  cloud*.  large  acala  Irregularities  ara  produced  in  a  convening  R- layer  by  a  mechanise 
eallad  tbs  pissaa-relaitatlem-esclilator.  Vhen  a  continuous  bean  of  powerful  electromagnetic 
mtm  laati  the  ionosphere,  a  cavity  la  produced  by  thermal  pressure  f  radiant  a.  Tha  cavity 
drifts  aadar  tha  influence  of  ambient  electric  fialda  causing  tha  vertlcally-lncident,  radio 
boas  to  bo  rtf roc tod  fro*  tho  aonith.  At  son*  point,  tho  cavity  can  no  longer  "capture"  the 
bos*  and  it  returns  to  tho  tenlth  to  fora  another  cavity.  This  relaxation  proceaa  rapoata  to 
yield  Irregulars  tie*  on  the  scale  of  the  heater  been  diameter.  Alrglov  enhancement*  are 
pcodeced  by  energetic  electrons  accelerated  out  of  the  heated  region.  Large  aaplltude 
electrostatic  eaves  nay  be  excited  by  linear  aode  coupling,  by  peracetrlc  decay  instabilities, 
and  by  strong  plena  turbulence.  Th la  occurs  near  tha  point  vhara  tha  plaaaa  frequency  of  tha 
ionosphere  aatchea  vev*  frequency.  Tha  electrostatic  waves  accelerate  ambient  electrons  to  high 
enough  energy  ta  celllalonally  axcita  ambient  oxygen  stoat.  Clouds  of  enhanced  rad-line  (430.0 
an)  and  green-linn  (337.7  on)  amissions  have  been  recorded  with  low- light -level  Imaging  systems 
located  at  Araclbo,  Puerto  Rico.  Comparison  of  the  laager  data  with  data  fron  the  Artcibo 
Incoherent  scatter  radar  ahovs  that  artificial  alrglov  clouds  ara  physically  tied  to  the  density 
cavities  and  to  rag ions  of  enhanced  electrostatic  vaves  by  the  earth's  magnetic  field  lloes.  At 
currently  available  povar  levels  (around  80  HV  effective  radiated  pover),  IP  aodlfleation  yields 
10-301  fluctuations  la  density  and  10-100  Rayleigh  enhancements  in  alrglov  lattnsity. 


1.  nnwocnci 

Ionospheric  heating  by  high  pover  radio  vaves  produces  a  vide  variety  of  phenomena  through 
nonlinear  processes.  These  include  feneration  of  enhanced  lon-acoustic  and  Langmuir  wave 
turbulence,  production  of  field-aligned  irregularities  fron  eater  to  kilometer  scale  slseo, 
»t Inul* ti cm  of  electronagnotlc  enisslons,  and  excitation  of  enhanced  airglov  enissions.  Tho 
Stmdy  cf  artificially  goneratad  ionospheric  irregularities  is  of  practical  Interest  because  they 
oa  affect  a  communication  channel  by  inducing  aaplltude  or  phase  fluctuations  as  a  result  of 
■altlpath  airing  or  scattering.  Artificial  aodlfleation  of  the  P- region  can  be  oaed  to  generate 
artificial  density  structures,  control  existing  irregularities  or  to  study  processes  which 
govern  the  evolution  of  both  aatvral  and  artificial  plaaaa  structures. 

During  eight tine,  winter  solar-alnlaua,  experiments  were  conducted  vitb  hlgh-pover  IP 
having  frequencies  near  3  K8s  and  affective  radiated  pover*  on  the  order  of  80  XV.  Observations 
by  Djutb  at  al.  (19871  and  (toucan  at  al.  (1988)  at  the  Arecibo  Observatory  la  Puerto  Rico  have 
demonstrated  that  significant  (factors  af  3  or  4)  electron  temperature  enhancements  and  large 
<10  -  SO  percent)  density  reductions  can  he  generated  vitb  high  pover  electronegRetie  vaves. 
Bernhardt  et  al. ,  (1988)  have  reported  largo  alrglov  enhancement*  which  accoapeay  tho 
artificially  created  density  cavities. 

Th—  anomalously  large  effects  have  been  attributed  to  the  low  night  tine  plasma  densities 
which  occurred  daring  the  viator  of  1984-1987.  Calculations  by  Kantas  at  al.  (19811  and  Revnaa 
at  al.  (1988)  show  that  electros  heat  less  occurs  through  thermal  c^vductloa  and  electron-ion 
cel  11  sites.  It  is  veil  known  that  tha  electron-loo  energy  transfer  rate  Is  proportional  to  n* 
Where  a  •  a*  •  *j  is  tha  plasma  density  (Banks  end  Kockarts,  1973).  Por  a  constant  heat  input 
iron  high  pover  radio  vaves,  a  lever  density  P- region  will  yield  higher  electron  temperatures 
he  tames  of  reduced  electros  to  Ion  cooling.  Thermal  pressure  gradients  vill  drive  plasas  fron 
tha  has tad  region  leaving  density  cavities. 

Cavities  generated  la  a  drifting  plasna  vill  convert  avay  from  the  senlth  of  the  heating 
facility.  The  bean  of  high  pover  elec troeagne tie  vaves  vill  be  deflected  by  the  sides  of  the 
cavity.  The  interactions  of  tho  cavity  and  th#  radio  beaa  leads  to  the  generation  of  large 
seals  periodic  structures.  These  have  been  detected  with  ground-based  c.'tical  and  radar 
diagnostics. 

this  paper  describes  the  physical  process  thought  to  be  responsible  for  cavity  formation  in 
a  drifting  plasna.  la  the  next  section,  the  fluid  end  wave  equations  which  describe  P-reglon 
hex t lag  by  powerful  radio  vaves  are  solved  numerically  to  yield  a  large  scale  thermal  cavity. 
In  the  Col loving  section,  a  phenomenological  model  treats  the  vaves  as  packets  to  demonstrate 
relaxation  oscillator  behavior  in  tha  plasna. 
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I.  m  no  nngact  nvi  nrraAcriai  aom 

Imt|fcirl«  eedlfieatlen  using  the  trsntniaalon  ef  hi grb  p*ver  rsdJe  vmi  lute  the  f-reglee 
cm  h  vederstood  in  terns  of  coupled  fluid  and  vih  equations.  Tbe  electron  m4  1m  continuity 

aqettioas  have  the  (era 

|“J  *  t-Ojij)  -  »j  -  tj  <I) 

vhre  the  ivbccrlpt  aj*  refers  to  electrons  ts  ions,  ii  Is  the  CMtMlrittoa,  ?i  is  tbs 
velocity,  Pi  is  the  production  rats  and  L«  Is  tbs  lots  rats  ior  tha  plasaa  spsciss.  roverfel 
radio  varss  can  affect  tha  electron  production  bp  accelerating  electrons  ts  high  enough  anargiss 
ts  taess  neutral  bretkdovn  but  this  doss  aot  occur  Id  the  ionosphere  for  facilities  currently  la 
as 1st sacs.  Temperature  dependent  elect roe -lee  racosblnat los  rates  ara  aadlfied  la  the 
artificially  boated  environment. 

Ilfb  poser  radio  eares  acst  directly  couple  to  the  electron  denaltlea  la  tbs  lonoephore  by 
•edifying  the  tr ana port  tera  l?-(ntvt)J  is  the  continuity  equation  for  electro**.  Tbs  velocity 
•f  aacb  pies—  species  is  determined  by  tbs  equation  of  aot loot 
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shore  pj  ■  a«kT«  ft  pressure,  *<  •  n<ai  It  boss  density,  T<  Is  electron  or  ton  teapersturt,  a« 
It  me ,  q*  it  charge,  I  It  electric  Held,  I  It  asblent  ascetic  flut  density,  |  it  travlilonal 
bcealaratl&a,  v*B  It  the  electron-  (or  ion-)~neutral  collision  frequency,  W  is  neutral  velocity, 
Sjj  is  the  tlectrco-  (or  len-)  ion  collision  fteqtiency,  and  vj  la  the~vs!oclty  of  the  other 
plane  species.  Host  of  the  terns  on  tha  rigbr  side  of  (2)  can  be  artificially  changed.  Tha 
floe  of  pltunta  out  of  a  region  of  hljh  pever  radio  eaves  Is  a  result  of  enhanced  pl*s%*  pressure 
la  the  betted  region.  Turret!  ‘real  electron  fluxes  ere  produced  by  large  amplitude  electric 
field*  near  the  region*  vhero  the  tloctro»-r?gnotlc  varcs  resonate  vl th  the  electron  plasrs. 

ftaalttlee  beating  by  hfr.b  povor  radio  raves  provides  an  energy  source  la  the  Ionosphere  to 
fore  large  scale  cavities  {Duncan  at  el.,  1ICI].  tho  resulting  thermal  cavities  can  refract  the 
Incident  radio  wave  causing  self-focussing.  ficulntlon  of  these  offsets  require  roup ling 
caettnelty  equations  (1)  and  equations  of  eotica  (2)  to  aquations  vhieh  describe  tbe  electron 
and  In  temperature*  sed  the  propagating  alec troeegr* tic  vave. 

Tbe  aasrgy  equation  for  tbe  electron  gas  It  derived  la  a  reference  free*  vfcleh  stnn  rich 
tbe  Kd  drift  ef  tho  plana.  Beat  f lav  la  restricted  to  the  direction  ef  the  ambient  Magnetic 
fiell.  Tbe  aae  d  teens  local  beat  equation  la 
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abort  tbe  coord  1  nets  •»•  It  along  the  etgnetic  field,  vf  It  the  field  aligned  component  of 
•lec tree  drift,  Kg  It  tbe  electron  thermal  conductivity,  0^  it  the  beat  input  to  the  electrons, 
eed  L,  It  tbe  beet  lost  te  ion*  and  te  neutrals.  2  tleiUr  equation  describee  tbe  ion 
t neper >t tret.  Tbe  artificial  beat  source  for  ehnlc  beating  froe  high  pover  radio  vaves  it  first 
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abate  IB^I  It  tbe  eegnitrda  ef  tbe  tlecttic  field  ef  tbe  electromagnetic  rave  with  frequency  a, 
I  •  y/sr,  la  tbe  plasaa  frequency,  Cq  It  the  dleleetrlc  constant  ef  free  space,  end  v,  It 
tbe  total  elec  tree  cellltlee  frequency.  Conversion  ef  elect roaagcetic  vevee  te  alevly 
pcepegatiag  pi  etna  vaves  caa  be  another  heat  source  te  tbe  plasna. 

for  a  tingle  frequency  tine  variation  e*"*,  the  vave  equation  vbicb  describes  both 
electromagnetic  eed  electrostatic  vere  propagation  it  vrltten  asi 

•A,  ♦  j:  -  V  -  •  0  <s> 
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■  •  (1-fl^/e),  bet  tbe  save  fore  as  H  except  that  Lands*  damping  It  incorporated  late  «,  T  - 
*0  •  *^ci  •  *Te2/c  »  ^Te  tbe  electron  thermal  velocity,  and  c  it  tbe  sp«ed~of 
light,  ftetalls  about  tbe  vave  eqaatlju  sad  the  notation  art  given  by  Tth  and  Lsv  (1972). 
Bqnatloe  (3)  should  be  mH  for  a  complete  electrostatic  and  eagnetolonlc  treatment  a.  radio 
•eve  cevpllag  to  the  platen. 
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hnhrtl  and  taua  |1MS>  **•?!  •“*«  d#v«lop*d  *  nodal  •(  Ionospheric  beetle#  vhlch 

lacsrpent#*  squat  lose  (1)  through  (5)  ulth  the  fol loving  siapllflcatSoost 

(I)  Th#  >w>mlli«  1#  «*sm«d  te  be  lnttgfli  m  T  la  Mt  te  uta. 

(J)  Tk*  heating  t*  <e»iO  »«  thet  X<1  tveryvhere. 

(1)  Dm  Mnnin  I*  ;lim  nni  1*  neglected. 

Ik*  the reel  unity  producH  ky  •  *0  pk/e1  k«u  »t  4.4  Mi  li  show  In  figure  1.  The  BP 
aletlreaagnitlc  «m  k##t  tk#  plasm  ceetlnuous’y  lor  1400  (econdi.  Tk#  «l#«tros  taaperature 
mu  tk#  c«#t«r  •(  tk#  beta  «t  tk#  y#«k  ot  tk#  laysr  la  elevated  ky  400  It.  Tk#  eastern  density 
I*  reduced  k>  t#o  percent.  for  tkli  eleuUtlon,  tk#  esblent  plates  1#  drifting  northvard  at  V) 
a/s.  4#)— trie  theraal  cavities  #r#  produced  ky  th#  SO  dqrM  lncllnetlec  #1  tk#  aablsat 
aagnetw  li#14  mi  ky  an  lapoesd  SO  a/#  northvard  plain#  <rlft.  Continuous  «#r«  k#*tlit(  #1  tk# 
drifting  Ionospheric  #ke«U  eventually  uu*#a  *  depression  U  th#  plasm  dm  #tr##a  Ire#  th# 
bmted  rt|l«a. 
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Hear#  t.  Coeputed  thereel  eaalty  produced  by  •  hlfh  pornr  radio  wo#  *itk  •  frequency  of  4.4 
Mi.  Th#  critical  fraquaacy  sf  tk#  uenodifled  l#y»r  la  4.1  NBi. 

Slmltanaous  radar  and  optical  asamnamt#  at  4r#clke  durlag  l«noeph#rtc  kMtlaf 
#ap#rla#att  provide  th#  all#  #ad  location  el  large  real#  please  cavities.  Tk#  radar  prefllaa  lc 
figure  2  ehev  tka  aodllltd  (bat)  and  aaaodlflad  (cold)  ionospheres.  4  daaalty  radoctio#  •(  40 
parcaat  la  estleated  fraa  tk#  radar  hackacattar  data,  loth  broad  and  aarre*  cavities  ar#  farad 
la  tk#  Ionospheric  prafil#. 

tesrgatlc  elections  ace#l#rat#d  ant  ot  tk#  heated  ration  prodae#  aaaaurakla  changes  la 
altflaa  Intensities.  A  ground  baa  ad  phot one ter  flltartd  at  410.0  aa  dtttctad  enhanced  red-line 
aalwlao  dtirla*  aoit  sf  th#  heeling  eye  1m  at  Areciho  (Figure  3).  Betvem  0110  and  0330  AST 
large  changes  la  alrglaa  intensity  occur  Mick  can  aot  k#  attributed  t#  Chanfa*  la  tk#  paaar  of 
tk#  ft  transalttar. 

Ik#  toaporal  variations  la  alrglo*  latonslty  can  be  explained  la  teres  of  the  alrglaa 
eland#  seen  la  Figure  4.  The  clouds  drift  to  th#  right,  vanish,  and  are  reforest  at  th#  ranlth 
•f  the  heater.  Tk#  notion  at  the*#  clouds  Indicates  convection  ot  th#  ionospheric  cavity  eklch 
•entrains*  th#  heater  been. 

S.  mom  nw»  PLASMA  MUUTXCM  OSCXUAWB 

These  ckeorvatlons  and  other#  by  Bernhardt  at  el .  (1966,  1969a, k]  have  daoeaat rated  that 
esatlaaous,  averdenan  lonospharle  (Mating  can  produce  periodic  structures  la  th#  ionospheric.  A 
schematic  of  this  process  la  sham  la  figure  J.  Vhcs  a  transaltter  is  turned  an  at  tin#  t-0, 
th#  ray  path#  interact  eith  a  korltoatally  stratified  plena.  Been  of  tka  rays  sear  the  center 
at  tka  vertical  base  reflect  vfcera  the  save  frequency  a  ie  equal  re  the  plane  frequency  a*. 
This  resonance  region  is  share  the  largest  saplltode  electric  fields  are  found  tad  share  meat  Sf 
th#  energy  la  #k#orh#d  Into  th#  F-nglon.  As  a  cavity  fora  and  begin*  to  dr*ft,  th#  ray  path# 
h#cn#  refracted  evey  froa  th#  smith  sod  •  resonance  region  nay  no  longer  be  found.  If  this 
happens,  tk#  ragea# ration  rat#  for  th#  cavity  1#  greatly  decreased,  the  cavity  drifts  evey,  and 
tka  cadi#  bene  "snape-becl*  to  the  smith. 

Our  evupled  fluid,  alec ti magnetic  nodal  cannot  currently  elnulete  nverdenie  Ionospheric 
heating.  9s  have,  lbs  teed ,  produced  a  different  type  ef  eodel  to  deeonstrete  the  gene  ret  ion  of 
irregularities  le  a  com  acting  Ionosphere.  Vlthia  the  reetrictlcns  of  game  trie  optica  one  can 
describe  tka  aetioa  of  an  elec tr magnetic  save  packet  ky  a  Baailtmlaa  (Leodae  and 


I 


Mfca o.  nwrro  *co  k«e»o.  wbito  weo 

**UA*Vll1»r  *»^J*J*V  1 1«5T  ns*  AST 


«k«sevra  ro-.'.TR. 
airntMi  cc.'acjrrriATON  ne^cra-*i 


MCWCATTta  POWW. 
ILfCTEWI  CO.  JCO.'TrtATlCN  ntPun-1) 


N>m  I.  Artificial,  tbaraal  e«»ll!ta  produced  by  tha  hlfh  povtr  radio  nm  froa  tha  kracibo 
If  facility.  Tha  frr^trercy  of  tha  alectrc*c,;netlc  viva  la  3.175  Or.  Couparleou  of  tha  hot  and 
cold  prof llca  aa  tha  laft  about  tha  affacta  of  tha  SO  pT/a1  haaa  aftat  «  alnutea  at  beatlnf.  k 
■an  lacallaad  caeitp  la  aaaa  ea  tha  rl(ht. 


ARECIBO,  PUERTO  RICO 
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ttnra  J.  flat  Watery  of  tha  «30.0  m  alrflov  froa  loneapherle  beatin*.  hatMaa  0219  and  03» 
UCt,  caatlawaa  aara  haatlaf  at  tOO  kf  tranaalttar  pever  produced  larye  floctoatlooa  la  airploa 
la  tonally. 
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FEBRUARY  3, 1987  AST  3.175  MHz  HF 
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Him  (.  On  cycle  sf  iba  drifting  slrglov  cloud*  produced  by  Ionospheric  besting.  Th*  slrglov 
deeds  outline  th*  elliptical  bees  vhlch  ku  a  eajor  axis  In  thu  north-south  (top-bottoa) 
direction.  tin  slrglov  clouds  and  aasoclatud  cavities  drift  to  iba  vast  (right)  at  50  a/a.  d 
aanp-bnek  occur*  at  the  third  panel  vfcea  tha  *0*t  aoat  cloud  vanishes  and  a  no*  on  forms  at  th* 
atalth  of  tba  haatar. 
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H|tn  5.  Ith—tlc  of  the  snap-back  procaaa  during  continuous  lonoaphuric  beating.  Thla 
procsss  lauds  to  th*  faaoratiea  of  periodic  irregularities. 

Llfablts.lpn).  for  the  case  of  a  ****  packet  traselling  through  a  plaasta,  th*  oeuatlona  of 
aotloo  can  bo  vrltten  In  tha  ease  for*  aa  those  for  a  single  particle  nosing  through  a  potential 
(Itla.  1J*3).  leyoad  th*  requireaents  that  th*  that  spatial  gradients  be  loaf  computed  to  th* 
emlengtb  of  th*  radiation  and  that  changes  In  the  swdlua  occur  on  tin*  scales  long  coapared  to 
tha  radtattva’s  frequency,  to  b«  able  to  ose  this  approach,  on*  taut  h*  able  to  differentiate 
tha  local  dispersion  relation  for  th*  aod*  of  interest.  This  opens  up  th*  possibility  of  using 
■say  of  th*  techniques  of  particle  siaulatlons  to  study  the  large  scale  propagation  of 
alnctrnaegnetlc  versts  la  apatial  and  tla*  varying  plasmas. 

Tha  case  of  a  high  frequency  electromagnetic  nod*  In  an  Bajaiisid  plana  is  particularly 
etraightforvard.  This  branch  obeys  a  dispersion  relation 

n*  •  n^<*>  ♦  (ke)1  ,  (() 

share  o  Is  th*  frequency  of  t* .  save,  a  la  th*  local  plasa*  frequency,  k  1*  th*  local 
enenenctor,  a  la  th*  vertical  coumdlnate,  a&d  «  la  th*  speed  of  light.  Th*  notion  of  th* 
eswpacket  In  la/bt  *  vg  share  -j  Is  th*  group  velocity.  Th*  group  velocity  1*  ba/tt. 
Therefore, ' 

la/lt  *  (**/#)  k.  (7) 
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f*  m*4  m  Huttos  •(  aotloa  (or  k  oklck  ton  ho  ohulood  hjr  (ltforwtlotlBf  (bo  (toporiloo 
roUitoa, 


lA  (Ik/It)  (It/li)  - 


Ibis  n^cM  to 


Ifc/bt*  -(Is)-1  ‘  (I) 

pcv  «c^<«)  •  (g^/a,)  ■(*>.  tattlr*  »'•  c*l/o  and  n'(s)  •  n(i)/*^Qt  tbo  oqustlccs  of  aatlca  for 
tbo  viu  packat  *• 

k/lt  -  v'  and  bv'/lt  .  -  •  la'(«)/H,  (10) 

Here  •  •  {i/2)(e4j.y«0*.  Tba  density  of  th.  flam  acta  as  a  potential  flali  vfclch  dst^raiwee 
tbo  setlcJ  if  t bo  pacha  t . 

To  perfaro  a  prellelnary  study  of  tfco  offsets  of  resonant  heating  by  tbo  M  baa,  a  staple 
podel  of  a  drifting  plasaa  vas  constructed.  Tbs  density  la  initials zo-1  as  ca  increasing 
Ca^ttlas  la  tbo  s-direetion  and  unifora  la  tha  boritcntil  x-directloe.  Tbo  initial  normalised 
tanporaturo  ta  eel  fora  (  •  1.0).  A  third  array*  C(x,s),  la  the  produet  of  a(x,a)  and  T(x,s)  and 
dooa  not  change  ia  tlse.  That#  thraa  arrays  art  ahiftad  to  tha  right  la  the  a  direction  by  ona 
coll  oaeh  t  1m  atop.  Tha  valuta  of  tha  thraa  arrays  on  tha  left  hand  boundary  art  not  changed 
to  that  aa  aoperturbed  plasaa  flovs  Into  tbo  alaulatlon  box.  The  vtri  packet a  art  Injected  Into 
tbo  plasva  at  o  constant  rata  of  eight  packets  per  tlae  step  at  «*0  and  at  x»  15  cells.  la 
cbcMi  m  that  tbo  critical  layer  ta  approximately  half  vay  up  tha  density  gradient.  Vx*  baa  a 
■ago it  ode  of  JOT  of  vt'  and  ia  onltiplled  by  a  uniform  random  number  batvecn  -1  and  el  to  that 
tbe  boas  baa  aa  angular  spread.  Each  vave  packet  carries  a  fixed  amount  of  energy  (dQ).  Vhen 
▼a'  <  0,  this  indicates  that  tha  particle  has  reached  the  critical  layer  and  tha  energy  Is 
deposited  in  tbo  piers*.  This  la  dona  by  Increasing  the  teiperatura  at  tha  nearest  grid  point 
osd  Its  six  closest  neighbor*. 

T(x,s)  ♦  V*  «  (11) 

Hors  V  Is  o  linear  weighting.  The  particle  ia  then  removod  from  the  aloulatlon.  The  density 
la  changed  by  o(x,s)  •  C(x,i)  /  T(x,s).  This  nev  density  determines  the  forces  acting  on  the 

•eve  peelers. 
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Plgvrs  4.  ilmlsttoa  of  •  structured  plasms  layer  produced  by  eootinuoc*  save  tie  ting.  Tfcs 
Irregularities  food  to  fora  vlth  a  spetlal  period  of  40  fca.  Tbo  asbloot  plasm  drift  is  100  m/s 
frm  loft  to  right. 


figure  i  ilm  tta  electron  density  contours  aad  tha  aUv«t  radio  baas  at  t-1500  seconds, 
ta  aapecturbed  )!am  flova  is  f roa  tha  lait  hand  boundary.  Aa  it  flora  orar  tha  trannittar 
energy  ia  absorbed  at  tha  critical  layer,  tha  teaperature  incraaaaa  and  a  cavity  ia  forced.  At 
tha  critical  layer  tha  aldth  ct  tha  beaa  ia  approximately  10  ha.  Tha  plana  la  floeing  to  tha 
right  aad  the  structures  to  tha  right  of  tha  traoaaitter  vara  faraad  at  aarllar  tlaaa.  Tha 
aadldcatioa  of  tha  density  ia  oet  aaooth  hat  ia  buraty  in  aatara  foraing  localised  eavitlea. 
Tha  daaaity  gradianta  ia  tha  a  direction  act  to  focus  tha  haaa.  Tha  plaaaa  drift  than  acta  to 
head  tha  haaa  to  tha  right,  ty  reducing  tha  danalty  at  tha  critical  layer  it  ia  poaaihla  for 
tha  haaa  to  ranch  higher  altitudea.  Thir  car  ha  aeon  in  tha  atructura  at  140  ka  vhara  a  cavity 
van  faraad  above  the  ambient  critical  layer. 

The  dynanlcs  of  thia  Inunction  ia  atlll  being  atudiad.  Injecting  tha  aaaa  number  of  vava 
packet ■  hat  reducing  tha  aaotatt  of  energy  carried  by  each  vava  packet  by  2  ordara  of  aegnltude 
land*  to  a  nock  anoothar  response.  The  density  at  tha  critical  layer  ia  reduced  by  one  percent 
aad  ana  does  not  aan  the  large  oscillations  and  cavity  atrticturea.  Also,  one  dens  not  see  the 

heeding  nf  the  base. 

The  lanoapbarle  eavitlea  produced  by  high  pever  radio  vevoa  are  subject  to  tha  effects  of 
polarisation  by  neutral  vlnda.  This  h aa  haaa  discussed  ia  a  previous  section  vith  reference  ta 
laaaapharlc  holes  produced  by  chealcal  releasee.  A  neutral  vlnd  can  polarise  a  thermal  cavity 
ta  cease  it  to  eteepen  on  tha  up  vlnd  aide  .  Be  are  currently  investigating  the  effects  of  thin 
steepening  an  tha  high  pevor  radio  eaves  vith  rotptet  of  besus  propagation  and  bean  stability, 
eg.,  thermal  aalf-focusaing  Instabilities.  Ia  a  stationary  haatod  ionosphere,  a  pistes 
depression  acta  like  a  convergent  lens  to  further  intensify  tha  alactroaagnetie  bean,  neutral 
contact lost  relative  to  tha  plasma  nay  induce  cross-B  drifts  vhlch  further  intensify  the  density 
gradianta  on  toe  aids  of  the  cevlty.  Ae  t  result^  teaperature  gradients  dua  te  oheic  betting 
Pill  appear  across  tha  cavity.  Pralialnary  calculations  shoe  that  theaa  density  tad  tsnperatura 
gradients,  in  conjunction  vith  convection,  pill  have  •  stabilising  influence  an  tha  thermal 
self-focussing  instability  [Kesklnan  ot  al.,  19P0). 

a.  ggacuncn 

(baa  anomalously  lover  densities  aecur  to  tha  nldlatituda  Ionosphere,  ground  baaed  IP 
transalttara  vith  equivalent  radiated  pavers  of  10  KI  or  nor#  can  produce  thermal  eavitlea  near 
share  the  vava  frequency  equals  tha  plaaaa  frequency  ef  the  ionosphere.  At  high  enough  pavers, 
ceetlaooiia  nave  troassalesions  con  produce  periodic  irregularities  in  a  contacting  P-layer  of  any 
density.  This  sill  ha  tha  result  sf  a  relaxation  oscillator  typs  process  that  produces  multiple 
mamp-bseke  of  the  hemtnr  been.  dnem  t  large  scale  cevlty  le  formed.  Ex 3  gradient  drift 
testability  say  yield  shorter  scale  sixes  along  their  edge*.  Our  future  resrarcK  is  directed  te 
upgrading  our  coupled  fluid-rare  nodal  to  eleulate  ovordensa  ionospheric  heating.  With  thin 
nodal,  v*  hop*  to  be  able  to  predict  the  radio  rave  pov-rs  required  to  generate  large  scale  P- 
ragtoa  cavities  undvr  ell  conditions. 
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W.  f.  JU863T* CMC,  M 

1.  la  tba  aoala  alia  of  snblent  lrregulsrltlss  Indicated  by  tlrglov  asintslned  Airing 
beating  or  reduced,  aa  suggested  by  paper  13? 

3.  do  tba  aablent  Irregularitlaa  India* tad  by  airglov  appear  correlated  with  any 
cl  a* a  of  acouitlo  gravity  vavaa? 

KtPVt 

1.  Tba  alrglow  technlgue  can  only  eeasure  structures  with  seal*  aim  greater  than 
1  to  10  ka.  In  thia  Halt,  the  acala  alia  of  the  irregularities  seeas  to  be 
Maintained  by  tha  heater,  future  arperlaonta  should  use  alaultaneoua  optical  and  K7 
radio  diagnostics  for  comparison. 

I.  Dm  gravity  vavea  at  aid  latltudea  have  1000  ka  vava  lengths  vhleh  can  tilt  the 
lonoapbara  to  have  a  esall  effect  on  tha  radio  vava  reflection  point.  »o  atudy  of 
tha  ef facta  of  gravity  vavaa  on  optically  measured  irragulerltlea  baa  been  performed. 

T.  ».  Joarta,  ox 

X  think  tha  point  about  tha  aahlant  ionosphere  la  a  vary  laportant  one,  especially 
bare  In  Morvay  and  Trezsfi.  you  should  liken  the  Idas  of  a  basting  exporiaent  to 
three  lag  atones  Into  tha  aaa.  If  you  vent  to  sea  a  good  affect,  you  don't  throw  a 
stone  Into  a  storey  aaa,  you  throw  it  Into  a  vilipend,  and  you'll  sea  tha  affect  vary 
wall.  Similarly  for  a  vary  gulet  and  call  i_  saphera.  If  you  try  to  boat  a 
disturbed  Ionosphere,  for  ertmple  If  there  la  a  lot  of  aurora  about  and  a  lot  of 
disturbance,  you  will  raver  aaa  any  heating  effect!  because  tha  Inherent  energy  of 
tba  eyetae  la  auch  bigger  than  anything  you  can  put  In  from  a  radio  transalttar  on 
tha  ground. 

M.  a.  rssjmrra,  d* 

Two  oocaantaf  tha  eld-latitude  f-raglofl  ionosphsre  In  tare*  of  naturally  occurring 
structuras  la  very  pccrly  ur.daratcodi  ar.d  second,  gravity  waves  at  hrcclbo  usually 
are  typically  hur-irsds  of  thouaondo  of  kllcnotera  In  wavalength,  and  1  den't  think 
they  could  be  e  sexd  for  10-30  ka  type  fluctuations,  you  have  to  look  for  scss  other 

plaaaa  processes. 

wrack's  joplt 

Tilts  of  the  Ionosphere  free  tha  gravity  vava  could  affect  tha  region  where  tha 
alrglov  la  seen,  vhars  tha  vava  reflects,  but  you're  right,  large  acala  structures 
would  probably  not  act  as  tha  Initial  seed.  Moat  of  tha  ties  that  we've  aade  the 
large  cavities,  tha  beater  base  itself  produced  its  own  sesd. 
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This  paper  presents  calculation*  of  lonoepherle  electron  density  perturbation*  and  ground- level  atonal 
changes  produced  by  intent*  oblique  high-frequency  (HF)  transmitters.  Our  analyala  taka  a  into  account 
radio  field  focueing  at  caustic*,  the  consequent  Joule-heating  of  the  surrounding  plasaa,  hast  conduc¬ 
tion,  diffusion,  and  recombination  processes— these  being  the  effect*  of  a  powerful  oblique  *aodlfylng* 
•ere.  Xt  neglect*  whatever  pleaae  Instabilities  eight  occur.  Ve  then  seek  effeeta  on  s  secondary  "test* 
•eve  that  la  propagated  along  the  earns  path  as  the  first.  Our  calculations  prediet  ground-level  fleid- 
atrength  reductions  of  several  dS  in  the  test  wavs  for  modifying  waves  having  Uf  In  the  83-to-90  dSV 
range,  these  field-strength  changes  era  slallar  in  sign,  aagricuda,  and  location  to  ones  measured  In 
Soviet  experiments.  Our  result*  sre  sensitive  to  the  die  model  ionosphere  assumed,  so  future  experiments 
should  employ  the  widest  possible  range  of  frequencies  and  propagation  conditions.  An  effective  power  of 
fO  dSV  eeeme  to  bo  a  sort  of  threshold  that,  if  exceeded,  results  In  substantial  rather  than  small  signal 
changes.  Our  conclusion*  are  based  solely  on  joule-heating  and  subsequent  defocuaing  of  waves  passing 
through  caueti-  regions. 

l.  tmoptxmoM 

taring  die  past  tv*  decades  a  number  of  powerful  high-frequency  (HP)  radio  transmitters  have  been 
developed  solely  to  transmit  waves  strong  enough  to  produeo  measurable  nonlinear  affects  In  the  iono¬ 
sphere.  The  early  tests  were  called  besting  experiments,  but  many  types  of  nonlinear  affects  wars  ob¬ 
served,  and  such  testa  era  now  called  ionospheric  modification  experiments.  Several  authors  [Gurevich, 
1178;  Utiaut  and  Violetta,  1974;  tancan  and  Cordon,  1982)  hava  summarized  the  phenomena  observed  in 
modification  experiments  performed  at  vertical  Incidence. 

The  nonlinear  processes  that  lead  to  ionospheric  modification  are  often  divided  Into  two  categories:  (1) 
beating,  which  alters  temperature  and  hence,  reaction  rates,  collision  frequencies,  and  particle  den¬ 
sities  ,  and  (2)  generation  of  parametric  instabilities,  which  caves  a  myriad  of  phenomena.  Including 
spread-F  and  geomegnstic-fleid-aligned  irregularities.  Both  categories  behave  differently  at  oblique 
Incidence  chan  at  vertical  Incidence. 

As  the  Incidence  angle  Is  increased,  hasting  la  affected  by  two  competing  trends:  the  field  Is  weakened 
by  the  increased  path  length,  but  strengthened  by  focusing  near  caustics.  Field  and  Varber  (1983)  showed 
that  such  focusing  can  overcome  geometric  spreading  and  produce  intense— albeit  localized— fields  In  the 
Ionosphere .  However,  certain  parametric  instabilities— Important  for  vertical  heating— cannot  be  excited 
by  oblique  waves,  because  only  vertical  waves  can  reach  heights  where  matching  conditions  on  frequency 
arm  met. 

The  moat  intense  focusing  occurs  along  the  Ray-Bundle,  Just  beyond  the  wave-group  reflection  height  In 
tbs  Ionosphere.  What  plasma  density  perturbations  may  occur  as  a  result  of  the  field  will  therefore  be 
■oat  pronounced  la  the  vicinity  of  this  region.  Subtle  ahifta  in  the  density  and  dimension  of  the  plasma 
mear  tbs  ray-re  flee  tr  lx  will  be  manifested  in  mors  profound  effects  in  ground-level  signal  strength. 

Except  far  the  exparlments  of  Bochkarev  at  si.,  (1982),  all  modification  experiment*  have  transmitted  the 
powerful  modifying  wav*  at  vortical  incidence.  Radar  and  communication  transmitters  operate  at  oblique 
incidence ,  however.  Accordingly,  this  paper  examines  the  effects  of  a  strong  oblique  wave  on  the  iono¬ 
sphere  and  on  waves  that  propagate  through  the  modified  region.  The  two  goals  of  this  paper  are:  first, 
to  illustrate  through  a  parameter  study  the  signal  changes  that  might  be  caused  by  powerful  HF  transmit¬ 
ters;  and  second,  to  explain  the  amplitude  changes  measured  by  Bochkarev. 

tar  analysis  takes  Into  account  focusing  at  caustics,  the  consequent  Joule-heating  of  the  surrounding 
plasma,  heat  conduction,  diffusion,  and  recombination  processes — these  being  the  effects  of  a  powerful 
oblique  •medifying*  wave.  Ua  then  seek  effects  on  a  secondary  "test"  wave,  which  is  propagated  along  the 
some  path  as  the  first.  The  tost  wavs  could,  in  fact,  be  the  modifying  wave  Itself,  in  which  case  the 
calculation  would  be  of  the  •self-effect*  of  a  powerful  transmitter. 

tar  calculations  us#  what  might  be  called  a  •first-order*  approximation  to  nonlinear  wav*  propagation. 
Hereovwr,  we  neglect  heating- induced  changes  In  kinetic  and  recombination  coefficients,  thereby  lineariz¬ 
ing  certain  equations.  The  controlling  hypothesis  la  that,  should  first-order  calculations  fall  to 
predict  detectable  heating  effects,  higher-order  nonlinear  affects  would  probably  not  increase  the  mag¬ 
nitude  of  the  beating  to  a  detectable  level.  Plasma  instabilities  ar*  omitted  from  our  calculations. 

2.  TtQqfiqpB  0?  CALCOLATIOW  .■.<:.<=  < 

Our  calculations  are  accomplished  through  an  aggregation  of  three  separate  procedures,  each  previously 
discussed  ir.  the  literature  and  producing  data  used  as  input  by  the  next  procedure.  The  first  procedure 
r  amputee  an  electric  field  distribution  In  the  caustic  region,  given  an  oblique  HF  transmitter  and  e 
horizontally  stratified  ionospheric  profile.  The  second,  which  clc  sly  follows  Gurevich  (1978),  calcu¬ 
lates  the  temperature  and  electron  density  changes  caused  by  the  focussed  fielde  near  the  caustic.  The 
third  procedure  estimates  the  change  In  ground-level  signal  caused  by  die  density  perturbation. 
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2.1.  Calculation  Of  Fields  Wear  Caustics 

We  evaluate  tbs  electric  field  In  the  caustic  region  aa  a  superposition  of  qua* l  yl.iw-vave  corponenta, 
eech  component  being  an  asysptotlc  aolutlon  to  the  wave  equation  tn  a  Mediae  vltl.  specified  (field* 
Independent)  refractive  Index.  Sudden  [1976]  above  that  a  field  cosponent  K  in  aa  .setroplc  medium  whose 
complex  refractive  index  a  varlea  only  in  height  t  can  be  approximated  aa  the  plane -wave  spectral  in* 

tegral 
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there  fj,  fj.  C  are  eoaplax  direction  cosines  in  free  apace;  C  la  essentially  the  radiation  pattern  of 
the  transmitter;  a.  y,  s  are  Cartesian  coordinates  of  the  field  point;  end  k  -  2w/X  is  the  Tree  apace 
wave  number  The  function  q  la 


the  variable  f  la 
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Al  la  Alry'e  Integral,  and  to(Si,$2)  ^  tb«  reflection  height  [q(xQ>  -  0]  for  the  plane  wave  component 
labeled  by  Jj_,  Ij.  Equation  (1)  la  a  uniformly  valid  approximation  throughout  a  reflection  region  If: 

(a)  higher-order  derivatives  of  the  refractive  index  with  respect  to  height  are  well  behaved;  and  (b)  the 
height  le  not  too  cloae  to  roots  of  q.  Kssiln  [1976a;  1976b]  proves  that  caustic  regions  ere  always 
associated  with  envelopes  of  dovngolng  rays  for  which  q  <  0.  We  evaluate  the  integrals  In  £q.  (1)  numeri¬ 
cally,  using  the  method  of  Warren,  DeVltt  and  Varber  (1982],  The  calculation  la  valid  both  in  the  region 
ef  geometrical  optics  and  across  eauatlea.  This  method  allows  us  to  calculate  field  magnitudes 
throughout  large  regions  of  apace  without  having  to  piece  together  boundary  conditions  and  higher-order 
maymptotlca  inside  and  outside  sreaa  of  strong  focusing.  The  method  cannot  be  used,  however,  to  calcu¬ 
late  the  wave  field  when  the  refractive  index  n  varies  In  more  than  one  coordlnata  direction. 

2.2  Transport  Calculation 

The  second  procedure  le  the  •diffusion"  calculation,  using  as  a  source  term  the  horizonral  electric  field 
t  calculated  as  above.  The  equations  ere  similar  to  those  given  by  Gurevich  [1978],  end  ere  recap ituleted 
In  Appendix  A  to  define  notation.  Aside  from  the  electric  field,  the  main  pareaatert  era  characteristic 
plasma  field  *L,  the  relaxation  times  rp  and  rp,  the  diffusion  lengths  Lq  and  Ly,  and  a  parameter  7  that 
accounts  for  the  change  In  equilibrium  density  due  to  e  change  in  de-lonlzatlon  rata.  The  subscripts  T 
and  V  denote  whether  a  given  parameter  la  associated  with  temperature  or  electron- density  fluctuation.  We 
numerically  integrate  the  transport  aquations  A-S  and  A-19  to  evaluate  AT/Tq  and  b/Xq,  the  relative 
changes  In  temperature  and  electron  density,  respectively. 

2.2.  Ground  Level  Signal  Change 

The  final  procedure  is  the  estimation  of  the  ground-level  electric  field  intensity  change  due  to  the 
Ionospheric  perturbation  n/Hg.  As  ewntloned  above,  Kq.  (1)  cannot  aceomaodate  Ionospheric  profiles  that 
have  gradient*  la  other  than  the  vertical  (x)  direction,  so  we  uae  a  well-tasted  ray  tracing  program 
(Jones ,  and  Stephenson  [1913]),  first  with  the  ambient  complex  refractive  Index  n(t),  than  with  the 
perturbed  one  b(x,s). 

In  conjunction  with  the  ray  trace,  we  Integrate  certain  quantities  measuring  the  rata  of  change  of  ray 
coordinate  with  respect  te  Infinitesimal  changes  in  ray  initial  conditions  (l.e. ,  laaach  and  azimuth). 
This  allows  for  the  continual*  calculation  of  the  relative  convergence  of  a  small  pencil  of  rays  around 
the  main  ray.  This  convergence  (or  divergence)  factor  Is  proportional  to  the  Poynting  vector.  We  make 
this  calculation  me  ground  level  for  both  the  ambf ent  and  perturbed  ionosphere  and  obtain  the  change  in 
field  intensity  caused  by  the  modifying  wave.  We  have  applied  the  methods  of  Vlcklsch  and  Buckley  [1988; 
1M2). 

Several  point#  must  be  stressed.  First,  the  geometrical  optics  field  intensity  becomes  unbounded  at  the 
skip  distance,  both  at  the  Interior  caustic  and  at  the  horizon.  The  region  of  validity  la  wherever  the 
fractional  charge  in  mdjacmnt  ray  spacing  per  wavelength  la  much  laaa  than  unity.  The  method  may 
correctly  predict  a  shift  In  the  interior  akip  distance,  but  eamot  predict  accurate  fields  there. 

Second,  in  the  illuminated  region  peat  tike  interior  akip,  there  are  typically  two  rays  landing  at  each 
point.  This  gives  rise  to  rapidly  varying  Interference  phenomena  that  depend  on  tbo  phase  difference 
between  Che  high  and  low  rays.  The  field  amplitude  lies  in  the  envelope  formed  by  the  mum  and  difference 
ef  the  cempwient  ray  m^litudes.  It  may  be  asatsad  tint  the  resultant  amplitude  la.  so  the  average,  the 
roet-mea- square  of  Che  two  components. 
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A  related,  though  different,  approach  to  weekly  nonlinear  wave  propagation  con  bo  found  In  work  by  Boch¬ 
karev  (1979;  1980;  1982}.  Haro,  tho  nonlinearity  In  dielectric  constant  la  assumed,  a  priori,  to  bo 
proportional  to  tho  oloctric  flold  lntanalty  III*.  That  la,  n'*  -  n2  ♦  mlEI2,  where  a  la  tho  coefficient 
of  nonlinearity.  Except  for  tho  region  immediately  surrounding  tho  caustic,  the  field  la  found  by  clas- 
•leal  geometrical  optics  with  the  anient  refractive  Indez  and  is  uaed  as  a  boundary  condition  on  a  snail 
rectangular  domain  around  the  caustic.  Therein,  a  technique  known  as  tho  Method  of  Fmrtboilc 
Equations  is  uaed  to  approximate  the  field  iCtowich  1978}.  It  would  appear  that  our  set  hod  of  solu¬ 
tion  has  the  advantage  of  providing  lnelght  into  the  constitution  of  the  nonlinearity  that  Bochkarev  has 
bottled  up  into  the  ad  hoe  constant  a. 

For  a  treatment  analogous  to  ours,  with  a  deeper  analysis  of  HF  wave  energy  deposition  as  well  as  es- 
tlmete*  of  nonlinear  absorption  due  to  plasma  instabilities,  see  Kelts,  Ho  Ivey,  and  Toaljanovich  {1974). 
For  an  adaptation  of  this  cleat  of  calculations  to  an  automatic,  feedback-propelled  computational  scheme, 
•ee  i*mhardc  and  Duncan  (1982).  loth  of  those  papers  apply  to  vertical  incidence,  however. 

3.  THE  BOCHKAREV  CtPEBIKPCT  * 

To  our  knowledge,  only  Bochkarev  at  al  (1979;  1980;  1982]  have  uaed  an  oblique  modifying  wave.  In  order 
te  ensure  that  the  diagnostic  wave  passed  through  the  caustic  of  the  modifying  wave,  they  transmitted 
bath  waves  between  the  same  terminals  with  the  diagnostic  wave  having  a  frequency  within  a  few  kilohertz 
of  the  modifying  wave.  The  single-hop  path  length  was  about  1600  ka,  the  launch  angle  was  about  16  dag, 
the  location  was  mid-latitude,  end  the  experiment  was  performed  with  "ordinary  short-wave  equipment  with 
gains  of  about  100”.  No  values  were  given  for  power  or  frequency.  However,  In  order  to  Interpret  their 
data,  Bochkarev  at  al,  (1982)  present  a  ray-trace  diagram  and  a  corresponding  daytime  modal  Ionosphere. 

By  means  of  trial  and  error  comparisons  with  Bochkarev's  ray-traca,  we  have  Inferred  a  frequency  near  13 
MHz. 


Bochkarev  obtained  15  measurements  for  the  situation  where  the  frequency  T$  of  the  modifying  wave  ex¬ 
ceeded  the  frequency  Fq  of  the  diagnostic  wavs  by  a  few  kilohertz,  end  two  samples  where  Fp  >  Fg. 

Figures  Is  and  lb  show  averaged  results  for  Fq  <  Fg  and  Fj)  >  Eg,  respectively.  The  vertical  dotted  line 
shows  the  instant  whan  tlie  modifying  transmitter  was  turned  off.  Ve  concur  with  Bochkarev  that  Fig.  la 
above  the  field  about  doubled  within  40  sec  of  the  transmitter  being  turned  off,  and  then  alowly 
decayed.  Ve  cannot,  hovevar,  clearly  sea  the  2-to-3  deg  change  In  6,r  that  Bochkarev  attributes  to  the 
transmitter  being  turned  off.  Kor  can  we  see  any  transmitter- induced  change  on  Fig.  lb,  although  Boch¬ 
karev  (1979)  claims  a  rapid  (10-to-20  sac)  increase,  followed  by  a  deeraasa  after  about  60  sac.  Bather 
then  debate  the  point,  we  simply  reproduce  Bochkarev's  figures. 

Bochkarev  attributes  the  differences  between  Figs,  la  and  lb  to  an  interaction  between  the  diagnostic 
wave  and  a  standing-wave  pattern  sat  up  by  the  incident  and  reflected  components  of  the  modifying  wave, 
the  magnitude  of  that  interaction  depending  on  whether  Fg  ie  less  or  greacsr  than  P|g.  In  our  model,  the 
tiny  differences  between  Fjj  and  F#  are  of  no  consequence,  and  the  self-effect  would  be  the  seme  es  the 
effect  on  e  diagnostic  wave  of  similar  frequency.  Therefore,  all  we  need  aay  about  Bochkarev's  results 
era:  a)  depending  on  conditions,  the  ground- level  signal  at  a  range  of  about  1800  km  la  up  to  several 
decibels  larger  when  the  modifying  transmitter  is  off  than  when  it  is  on;  and  b)  small  changes  (s  2  deg) 
might  occur  in  vertical  arrival  angle,  but  such  date  ere  inconclusive. 


4,  MWERICAL  RESULTS 

Ve  have  performed  calculations  using  sevarsl  daytime  and  nighttime  model  ionospheres  and  antenna 
pmt'-rns .  Depending  on  the  modal  used,  e  wide  range  of  values  ar»  possible  for  the  characteristic  field 
Ip  the  character  is  tic  times  ry  and  eg,  the  characteristic  lengths  Ly  and  Lg,  wnd  the  ionlxetlon- 
•qui librium  shift  factor  y.  Tbs  characteristic  time*  indicate  how  long  It  takes  for  a  steady  state  to  be 
reached;  the  lengths  Ly  and  Lg  characterize  the  distances  over  which  heat  is  conducted  or  electrons 
diffuse  in  times  ry  and  rg,  respectively. 

In  the  Interest  of  brevity,  we  will  show  details!  results  only  for  the  model  F-reglon  shown  in  Fig.  2. 
4iich  la  tha  one  used  by  Bochkarev.  Teble  1  shows  the  nominal  parameter  values  that  ve  use,  which  are 

those  suggested  by  Gurevich  for  en  altitude  of  200  km,  near  the  altitude  of  peak  heating.  Although  a  D* 

layer  la  not  shown  in  Fig.  2,  our  results  include  D-layer  absorption.  Va  will  assume  a  frequency  of  15 

Mr,  and  use  die  antenna  pattern  shown  in  Fig.  3  that  has  a  maximum  when  the  launch  angle  la  18  dog  and  a 

gain  of  25  dS,  which  la  5  <32  larger  than  tha  nominal  value  quoted  by  Bochkarev.  The  pattern  shown  in  Fig. 
3  is  representative  of  modern  curtain  antennas,  as  described  by  Kershner  (1988).  Tha  precise  value  of 
the  assumed  gain  la  unimportant,  because  we  will  treat  pover-gein  product  (effective  radiated  power 
(1BF))  as  a  parameter.  Our  main  example  assumes  propagation  perpendicular  to  the  magnetic  field  vector, 

•  magnetic  dip  angle  of  60* ,  and  an  EBF  of  83  dW.  Later  in  this  paper  ve  show  parametric  studies  of 
field  change  va.  EBP  and  dip  angle. 

Figure  4  shows  the  ray-traee  at  15  MHz  for  the  model  ionosphere  shown  In  Fig.  2.  Such  traces  are  essen¬ 
tial  to  tho  construction  of  vavo  phase  and  for  locating  tha  caustic  regions.  Fig.  4  Indicates  intense 
focussing  at  a  rang'*  of  about  800  km  and  an  altitude  of  about  200  km.  Because  the  frequency  greatly 
exceeds  the  gyrofrequency,  we  assumed  Isotropic  propagstlon. 

Figure  5  shows  calculated  electric  field  strength  contours  for  ERP  -  85  dBW.  Tha  diagram  la  cantered  at 
the  wave  reflection  height  and  caustic  region,  i.e.,  at  the  region  of  maximum  focussing.  Appendix  A  shows 
thst  ratio  Kz/I|  governs  the  strength  of  the  temperature  end  density  perturbations.  Because  the  ratio  is 
amsll  (A  0.4),  our  linearization  is  acceptable  for  the  85  dEW  IBP  assumed.  If  there  were  only  geometric 
spreading  and  abcorption  without  focussing,  the  maximum  field  strength  in  Fig.  4  would  be  about  C.08  v/m, 
so  focussing  increases  the  field  by  nearly  an  order  of  magnitude. 

Figure  6  shows  calculated  electron  steady- stats  temperature  changes  caused  by  tha  electric  fields  in  Fig. 

5.  The  largest  relative  temperature  changes  are  0.16,  about  half  the  maximum  value  of  E2/Eg,  which  la 
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Table  1.  Char-.earlstle  Fields,  Times,  end  Lengths  far 

sn  Altitude  ef  200  Cl  snd  s  Frequency  of  15  KHz. 


Kp(*/»)  'T<*>  *#<a) 

1.2  3.2  32 


l^lka)  l^fkm)  '  I 
17  2.3  0.01 


whae  the  maximum  relative  temperature  change  wouM  be  If  there  vers  no  hsst  conduction.  Conduction 
reduces  that  ratio  by  a  factor  on  the  order  of  a/»/j,  where  a  Is  the  ehsrsctsrlstle  width  of  the  focussed 
electric  f leld--5-to-10  km  In  Fig.  3. 

Figure  7  shows  the  cslculstsd  relative  electron  density  perturbations ,  n/Hg,  which  do  not  exceed  one 
percent.  VMle  the  iso-contiure  of  field  strength  conform  to  the  downward-curving  pattern  of  the  caustic, 
those  of  the  density  perturbation  appear  elongated  In  roughly  a  vertical  direction.  This  te  because 
diffusion  occurs  mainly  along  magnetic  field  lines  snd  appears  vertical  In  the  2-d  projection.  It  Is 
shown  In  Appendix  A 


which  agrees  veil  with  the  numerical  results  of  Figs,  t  end  7. 

Figure  la  shows  the  calculated  change  In  the  geometrical  optica  field  intensity  at  the  ground  caused  by 
the  heater- Induced  ionospheric  perturbation.  In  addition  to  the  region  Just  pest  the  skip  distance, 
where  the  calculation  la  unreliable,  the  greatest  change  it  predicted  to  occur  at  around  1800  km.  For 
IRPs  of  I3-CO-90  dBV,  the  calculated  fields  are  reduced  by  2-to-4  dB.  Thus,  the  location  (-1100  kat). 
aUe  (few  dB;.  end  eenee  (negative)  of  the  ground-level  field  change  agrees  with  Bochkarev's  date. 
Moreover,  the  time  scale  ry  -  30  sac  (see  Table  l)  appears  -bout  right. 

Figure  8b  Indicates  tha  trend  In  fleld-ttrength  change  as  EEP  Is  Increased  to  95  dBV.  As  expected,  the 

greeter  the  effective  power,  the  greater  the  field  change.  Rote,  however,  that  increasing  ERP  vuch 
beyond  85  d5V  abuses  our  method,  because  the  differential  equations  we  solve  for  n/Rg  ere  valid  only  when 
AT/To  is  much  less  then  unity.  One  can  Infer  that  the  90  dBV  prediction  (where  E*/Ep  “  1  and  AT/Tg  “ 

0.5)  gives  an  upper  bound  on  affects  which  can  occur  ea  c  result  of  linear  kinetic  processes  alone. 

Figure  8b  does,  however,  give  a  hint  that  EBP  -  90  dBW  la  a  sort  of  threshold,  beyond  which  substantial 

field  changes  might  be  caused. 

Figure  9  shows  the  dependence  of  the  ground-level  f leld-etrength  change  upon  tha  geomagnetic  dip  angle. 
Recall  that  the  direction  of  propagation  has  been  taken  as  east-veat.  The  diffusion  decreases  as  tha  dip 
angle  tends  toward  the  horlsontel,  because  tha  strongest  gradients  In  E  becceee  nearly  perpendicular  to 
the  magnetic  field.  7hat  dlmlniehment  In  diffusion  tends  to  concentrate  the  density  perturbation  and  thus 
Increase  the  maximum  value  of  n/Wg.  However,  one  must  not  assume  that  the  ground-level  field  change  will 
necessarily  be  me  no tonic  In  response.  In  fact,  a  complex  relationship  holds  between  the  maximum  mag¬ 
nitude  of  n/Rg,  the  alee  of  tX.9  region  over  which  the  density  charge  diffuses,  and  tha  signal  change  on 
the  ground.  That  complex  behavior  la  evident  In  Fig.  9. 

Finally,  we  have  calculated  tha  change  In  angle-of-arrlval  at  a  range  of  1800  km  for  tha  parametara  used 
above.  Xn  no  ease  did  tha  calculated  change  exceed  a  few  tenths  of  a  degree. 

3.  COWCU73IORS 

Our  calculations  lndicata  ground- level  fleld-etrength  reductions  of  up  to  several  dB  might  be  produced  by 
Joule-heeting  of  tha  Ionosphere  by  Intense  oblique  HF  wives  having  ERF  In  the  85-co-90  dBV  rings.  Thaee 
calculated  field-strength  changes  are  similar  In  sign  and  magnitude  to  the  0- 1 o- severe l -<1S  reductions  In 
field  strengths  measured  by  Bochkarev  and  associates  [1982,  I960,  19/5 J.  Moreover,  by  using  Ionospheric 
perimeters  pertinent  to  tha  Soviet  experiments,  our  predicted  signal  reductions  occur  at  a  range  of  about 
1800  km,  which  also  agrees  with  the  published  data.  Chir  calculated  vertical  arrival-angle  are  ouch  smal¬ 
ler  than  the  2- to- 3  dag  change  e  la  load  by  Bochkarev,  but  are  not  necessarily  Inconsistent  with  hie  data 
(see  Fig.  1). 

Res  ilt s  for  several  day  and  night  model  Ionospheres  net  shown  here  Indicate  similar  results,  although  tha 
size  and  location  of  the  change  In  ground  level  field  depends  on  tha  modal  Ionosphere  assumed,  and  future 
mxperlmenta  should  therefore  therefore  employ  the  widest  possible  range  of  fr'»queneiee  and  propagation 
conditions.  An  effective  power  rf  90  dBV  seems  to  be  a  sort  of  threshold  that,  If  exceeded,  results  In 
substantial  rather  than  small  signal  changes.  Our  conclusions  ere  based  solely  on  Joule-hasting  and 
subsequent  de focusing  of  waves  passing  through  caustic  regions. 

Our  results  pertain  to  times  long  enough  for  a  steady- stats  to  occur.  That  time  scale  la  rjughly  the 
characteristic  diffusion  time  at  ionospheric  heights  where  the  strongest  electric  field  focusing  has 
occurred.  This  time,  rg,  depends  on  the  ambient  recombination  coefficient  and  plasma  density,  end  is  a 
fow  tens  of  seconds  for  tha  model  ionosphere  that  we  eisumed.  This  characteristic  time  la  in  agreement 
with  the  roughly  *0  sec  onset  time  vestured  by  Bochkarev. 
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ftaesa  a;  ETOATIOWS  COMXMtKC  rtimoa  HtATIWC  AMD  TUIfSPOtT 

The  equations  that  govern  the  changes  tn  electron  teaperature  and  density  produced  by  *n  Intense  radio 
•eve  in  the  lono«*>h*re  are  presented  In  this  section.  Approximate  solutions  tor  Halting  csss*  srs  sis# 
provided.  The  equations  below  are  stall sr  to  those  used  by  Gurevich  |197IJ  whose  no cat loti  we  use  when¬ 
ever  convenient. 


V*  consider  only  field-aligned  particle  notion  and  energy  transport,  ignoring  the  swell  cross-field  drift 
end  theraal  conduction.  We  use  a  coordinate  syetea  with  the  x-dlreetlon  along  the  geoaegnetle  field. 

That  coordinate  is  related  to  height  t  by  a  sin  #  -  t,  where  f  is  the  dip  angle.  Equations  ere  numbered 
seperetely  froa  those  In  the  text. 

hi,  tttcTtow  t«m>«/tum 


If  <•*  M|lMt  loo  taaclng,  th.  .Uctrsn  t.ap*ritur«  T  ta  d.scrlb.4  by  th.  {.liming  .Ration  (*.(.,  Malta 
and  ULavlat,  [1970)): 
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where  T0  le  the  sabient  electron  teaperature,  C  la  the  electric  field  ef  the  aodlfler  wave,  t  la  the 
fractlenel  energy  leet  by  ea  electron  per  collision,  end  the  electron  collision  frequency. 


The  quantity  ty  tr*.  Cq.  (1)  Is  callod  the  characteristic  plssae  field  end  Is  defined  ss 
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where  K  Is  Soltcasm's  constant,  a  ts  the  electron  aess,  0  Is  the  electron  charge,  and  w  Is  the  aodlfler 
wave  angular  frequency.  The  quant i  .7  a  Is  the  theraal  dlffualvlty  and  la  given  by 

•  tn 


wher-  A  can  be  as  large  ae  2.  but  Is  often  assumed  to  be  unity. 

The  quantities  a  and  w,  both  depend  on  teaperature,  eo  Eq.  (1)  is  non  linear.  Moreover,  the  dependence 
of  a  on  x  prevents  Eq.  <1)  froa  eesualng  the  fera  of  a  canonical  dlffua Ion  equation.  The  criterion  for 
linoarlslng  Eq.  (1)  Is  that  AT  •  T  -  I*  «  T,  which  is  always  true  if  E2/Ei  Is  saall.  and  in  the  presence 
of  strong  host  conduction  can  be  true  even  if  E2/ZJ  is  of  order  unity.  The  x-dependenee  of  the  theraal 
dlffualvlty  a  can  then  be  ignored  if  the  gradients  in  ths  sabient  Ionosphere  are  weaker  then  those  caused 
by  the  aodifylng  wave.  We  aaka  both  of  those  simplifications  and  rewrite  Eq.  (1)  la  the  fora 


where,  following  Gurevich  (1371) ,  we  have  defined 


t  -  <lv#>  *  s  . 
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and  sf  is  coaputed  using  T  ■  T0. 


Equation  (A)  can  be  solved  by  Fourier  Trenaforaatlon.  The  result  Is: 

t  f-(t  -  a)  .  (a  -  <)*  1 

«(,.«  3  l  L  — L_.lt-  .  ^  •  ».>J 
T  i  i  [  *;  J  j  *«<«  -  •> 


(7) 


On co  the  field  E  ef  the  modifying  wave  has  been  calculated,  Eq.  (7)  can  be  used  to  calculate  both  the 
tiae  and  space  dependence  of  electron  teaperature. 

Th*  asyxptotlc  behavior  of  Eq.  (7)  is  found  by  pdrforalng  the  de  integration: 
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•hara  l(t,  t)  «•  I(«)  as  t  -  •. 


If  ws  again  usa  locally  hat(ht*a'‘aragad  valuaa  far  aablant  lonoapKarle  prapartlaa,  vs  cm  writ*  tha 
that  |mrM  tha  aUctron  dan*  Ity  In  tha  fallowing  for*: 
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la  tq.  (9),  f  (■  tha  t#i*-p*lr  production  rat*,  •  It  tha  alactron-lon  raceoblnat Ion  eaafflclant,  and  0  la 
a  last  rat#  that  account#  far  Intaractlona  batvaan  tha  tan  0*  and  eh*  nalacvilaa  1*2  and  0j.  Tha  artbtpolar 
diffusion  coafflclar.t  la 
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and  tha  anhlpoltr  tharmal  dlffu* laity  (a 
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vhora  ly  •  TO/(T0  ♦  T|).  H  la  tha  naan  lan  *#■«.  T;  ta  tha  ten  tasparaturs,  and  la  tha  lon-nautral 
collision  fraquaney.  Equation  (9)  thua  account#  for  dlffualon  cauaad  by  axcasa  partlcla  conrartratlona. 
diffusion  driven  by  thermal  gradient#,  and  dantlty  change*  brought  about  through  tha  temperature  depend¬ 
ant*  #f  reaction  rataa. 

tha  fractional  danalty  change  la  always  small,  aa  v«  can  writs 

■  -  .  (ID 

«b*  i  •  and  Vq  art  tha  perturbation  and  aad>lant  alactron  danalty,  and  uaa  tha  fact  that  ■  «  I,  to 
linearize  Iq ■  (9).  Tha  raault  la: 
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*****  aa  •  o(T#)  la  tha  unperturbed  recomb l nation  eoefflwivot  and  ve  have  uaad 
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•acauaa  0  la  virtually  Independent  af  temperature,  ve  Kara  neglected  a  Ur*  proportional  to  0  -  0P.  ly 
da  fining 
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tat  can  ravrlu  £q .  (13)  In  a  for*  analogous  to  Eq.  (4): 
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tf*  ikmcII,  tq,  (17)  with  tho  tfoflnl.ton  of  7  uood  by  Curowlch  [  1)71 1  by  wclnf  that  tho  oloctroa  too. 
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rat*  la  %x  •  an*  a  0H,  —  rB  •  (Mr/**)"*  end  4«/lt  -  *'**qr/#T.  The  ttue -dependent  solution  to  Eq .  (II) 
can  bo  writ ton  In  tarnc  of  a  Croon's  function,  but  that  raault  la  too  cenpHcsted  to  bo  uaaful.  TSaro- 
fora ,  wo  roatrlct  attention  to  cho  fallowing  eteady-etate  aoiutlon: 

.  »Vr  ?  <-1*  •  *i/V  «*  <*i»  *  »IM 
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Altfcwugli  aur  nuMrleil  r.tult.  p.rtaln  t»  th»  actual  alactrle-Ciald  atructura,  It  la  iMtructlv.  ta 
caealdar  h»«tlng  fulaa  with  a  'afura  wave*  aha  pa  given  by, 
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•boro  l«  la  c  ana  cant  and  2a  la  the  width  of  tho  hoatod  ration,  than  Eqs.  (7),  (8),  and  (19)  can  bo  In* 
to  grata*  straightforwardly.  Tho  details  or#  glvon  by  Plaid,  Hoc*  and  Koikes  (1918).  Haro  wo  give 
results  for  oassa  Halting  cases. 

A« 3.1.  Weak  Transport 

The  peak  values  of  AT  and  n  usually  occur  at  the  origin  (a  •  0) .  For  that  casa  It  ean  bo  shown  that  tho 
fallowing  expressions  pertain  ta  the  square  heating  pulse  glvon  In  Eq .  (20). 
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A. 3. 2  Strong  Transport 

The  Halt  of  strong  transport  Is  reachad  whan  Lg  and  Ly  »  a  and  y  «  1,  In  lAlcb  case  Eqs.  (21)  and  (22) 


(25) 


VS 


AT 

T 


(26) 


Kata  that  lg  oaldoa  exceeds  Ly  in  the  F-regloe,  and  Is  usually  such  saallar.  Therefore  Sq.  (24)  and  (24) 
show  that 
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SUMMARY 

A  eomprehenrive  numerical  Implementation  of  plasma  geometric  optic*  i*  bring  enhanced  tad  adapted  to  the  problem 
of  self-con*:  stent  ionospheric  ptopa^atior  of  high  power,  high  frequency  (HF)  radar  agnail.  The  eephari*  in  this  work  it 
oo  realistic  and  rigonxt*  description  of  the  propagating  waves  *o  that  geometric  and  rpectral  characteristic*  of  nonlinear 
ioooepheric  effect*  can  be  predicted  in  detail.  When  impro/rment*  are  complete,  a  plasma  geometric  opt<c*  code  will  be 
ttsed  in  conjunction  with  an  ionospheric  transport  code  to  determine  *e!f-eonsiitently  the  HF  radiation  field  and  quaailinear 
modification*  of  ionospheric  plasma  properties  due  to  ohmic  dissipation  of  the  HF  radiation.  Has  aSows  detailed  *tudy  of 
nonlinear  phenomena  ruch  as  beam  self-focusing,  formation  of  larg^-wrale  density  cavities  tad  striiiiocs,  and  induced  ware 
ducting.  An  overview  of  tbe  theory  underlying  the  modeling  of  radiation  propagation  and  nhrrrir  power  deposition  if  given, 
and  current  results  from  the  plasma  geometric  optic*  code  together  with  associated  ionospheric  power  deposit  ion  profile*  are 
presented.  Detailed  structure  of  ordinary  and  extraordinary  mode  caustic*  formed  in  a  manner  eonristent  with  a  realistic 
antenna  pattern  and  birefringence  upon  entrance  into  the  ionosphere  are  evident. 

1.  INTRODUCTION 

The  ioonephere  is  an  inhomo^neous,  anisotropic,  and  dissipative  medium  which  is  frequoily  used  a*  a  propagation 
channel  by  electromagnetic  waves.  When  the  wave  power  is  low,  liltle  interaction  with  the  plasma  ocean,  and  the  propagation 
ia  qualified  as  linear.  When  the  wave  power  is  high,  the  wave  interacts  with  the  medium  and  changes  its  properties,  and  a 
nonlinear  theory  is  required  to  describe  the  process.  This  nonlinear  action  can  be  cither  disruptive  to  an  operating  system 
using  the  iono*pbere,  or  it  can  be  intentionally  produced,  aa  is  done  in  ionospheric  modification  experiment*. 

In  the  HF  frequency  regime,  nonlinear  phenomena  have  been  identified  both  theoretically  and  experimentally.  They  can 
be  categorized  according  to  their  length  and  time  scales  into  two  distinct  regimes:  large  scale  eSeefcomagnetic  phenomena, 
occurring  oo  scale*  larger  than  1  kilometer  and  1  second,  and  small  scale  electrostatic  phenomena,  occurring  on  scales  of  the 
order  of  meter*  and  millisecond*.  It  i*  useful  to  esoess  the  contribution  of  each  phenomenon  to  the  nonlinear  HF  heating  cf 
the  ioooephere  and  to  determine  which  mechanism  is  more  likely  to  dominate  under  given  HF  parameters  and  ionospheric 
condition*.  For  example,  parametric  instabilities  have  long  been  thought  to  play  a  major  role  in  plasma  bearing^.  Specifically, 
tiro  major  nut  abilities,  parametric  decay  and  thermal  eclf-focuring,  have  been  frequently  invoked  to  account  for  expermental 
results.  Although  the  former  belong!  to  the  category  of  small  scale  electrostatic  phenomena^,  tbe  latter  is  observed  aa  large 
scale  struct  urea  (1  -  5  kilometers)  drifting  aero*.*  the  ionosphere  with  a  time  scale  of  the  order  of  one  minute^.  Different 
theories  of  thermal  self- focusing  provide  different  estimates  of  scale  length  for  the  resulting  rt  nations,  varying  from  meter*  to 
kilocnetersW.  To  date,  tbe  relative  contribution  of  electrostatic  and  electromagnetic  phenomena  m  producing  the  observed 
etriatkm*  is  still  unclear.  More  recently,  strong  turbulence  theory  of  caviton  collapse  and  burnout^  has  been  used  with  new 
experimental  data  to  put  forward  a  mechanism  for  HF  energy  absorption  which  is  finding  favor  over  the  more  traditional 
assumption  of  weak  turbulence.  Because  of  the  colli rioncl  nature  of  the  kxxwphere,  it  is  estimated  that  a  large  amount  of 
the  energy  carried  by  the  HF  waves  is  dissipated  ohmie&Uy^,  first  in  the  highly  collision*!  D  and  E  regions,  and  then  in  the 
F  region.  In  the  F  region  ohmic  beating  produces  plasma  transport  primarily  along  the  magnetic  field  lines.  This  can  create, 
among  other  thing*,  Large  scale,  field-aligned  thermal  density  cavities  which  can  also  cause  *df-foctamg  and  can  induce  wave 
ducting. 

For  all  the  proceases  mentioned  above,  a  self-consistent  analysis  which  relates  the  HF  wave*  emanating  from  the 
transmitter  antenna  to  tbe  local  region  in  the  plasma  where  the  energy  is  deposited  b  crucial  Such  an  analysis  permit* 
a  true  estimation  of  the  pump  field  amplitude,  polarisation,  and  phase  needed  to  initiate  the  instabilities  discussed.  A 
self-consistent  analysis  also  traces  the  different  mechanism*  to  a  common  HF  beam  injected  into  tbe  ionosphere  so  that  the 
relative  importance  of  tbe  competing  processes  can  be  correctly  assessed.  Calculation  of  vsve-plrema  interaction  processes 
can  be  made  more  meaningful  in  the  context  of  consistent  wave  and  background  plasma  information. 

In  the  current  work,  we  have  addressed  these  issues  by  further  enhancing  and  adapting  a  nrenerical  implementation  of 
plasm*  geometric  optics,  initially  developed  at  Yale  University^,  which  use*  the  geometric  optics  approximation  to  calculate 
wave  amplitude,  phase,  and  polarization  in  inhomogeneous,  anisotropic,  three-dimensional  media.  We  apply  this  code  to 
the  specific  problem  of  oblique  ohmic  heating  of  the  ionosphere  by  powerful  HF  waves  such  aa  there  generated  by  HF  radar 
transmitter*.  We  intend  to  use  the  power  dissipation  determined  from  output  of  the  geometric  optic*  field  as  input  to  a 
transport  code  which  predict*  the  corresponding  ohmic  heating  of  the  ionosphere.  A  block  diagram  outlining  tbe  procedure 
for  a  self-consistent  analysis  of  ionospheric  HF  heating  ia  shown  in  Figure  1.  The  plasma  dielectric  tensor  is  implemented  a a 
a  separate  module  invoked  by  the  geometric  optics  code.  This  modular  aspect  permit*  the  use  of  various  types  of  background 
plasm*  model*  in  the  radiation  calculations.  For  the  current  effort  we  use  an  inhomogeneou*,  magnetized  and  dissipative 
cold  plasma  dielectric  tensor,  which  adequately  represent*  the  actual  ionosphere,  and  uae  existing  standard  models  to  obtain 
the  necessary  ionospheric  parameter*. 

In  Section  2,  a  description  of  the  theory  underlying  the  plasma  geometric  optics  code  is  prerented.  Section  3  describes 
tbe  model*  wed  tut  iLc  hackguAuad  iuoosphere  and  ionospheric  transport.  Section  4  describes  numerical  result*  and  show* 
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calculations  of  HF  power  deposition  profiles,  tad  the  Conclusion  point*  toward  future  work. 

J.  OVERVIEW  OF  THE  RADIATION  DESCRIPTION 

PUema  geometric  optica  i*  aa  asymptotic  thecry  of  linear  electromagnetic  wave*  is  plasms#  with  weak  (pace  and  time 
dependence  baaed  upon  the  well-known  WKBJ  approximation  technique*.  Deapite  the  relative  crr.pl: cite  of  the  computational 
prescription  resulting  from  this  asymptotic  theory,  complications  associated  with  anisotropy  cf  plasma  media  and  vectorial 
wave  Adda  require  that  nontrivial  field*  be  generated  by  numerical  rather  than  analytical  means.  A  technique  known  aa  ray 
tracing  it  used  for  numerical  deecriptioa  of  high  frequency  wave  propagation  in  the  geometric  optica  limit. 

Although  many  ray  tracing  computation*  have  been  performed  and  reported^!,  the  code  utilised  here  ia  the  firat  to 
determine  fully  the  variation  of  the  amplitude  and  polarisatkm  of  the  field.  The  code  generate*  boundary  data  deacribing 
transmitted  radiation  in  a  form  compatible  with  the  asymptotic  theory  of  propagation,  launches  geometric  optics  rays, 
decomposes  them  into  geometric  optics  modes,  and  propagates  each  of  these  along  separate  refracted  ray  trajectories. 
The  amplitudes  and  polarisation*  of  the  radiation  mode*  are  calculated  along  the  way,  which  is  eaeential  for  the  correct 
determination  of  power  deposition  rewriting  from  coherent  superposition  of  several  waves.  The  code  is  compatible  with  an 
arbitrary  model  cf  background  plasma  properties  a*  they  contribute  to  the  local  plasma  conductivity  tensor,  since  roots  of 
the  focal  plasma  wave  dttpeiion  relation  are  tracked  through  parameter  apace  by  performing  computations  directly  with 
the  components  of  the  conductivity  tensor  itself.  Ia  addition,  the  oodc  admits  general  weak  spice  and  time  variation  of 
the  background  plasma  and  fields.  This  latter  property  allows  the  direct  prediction  cf  apurioua  radar  doppler  shifts  caused 
by  time-dependent  density  fluctuations  in  the  ionosphere.  The  code  detects  the  occurrence  of  caustics  and  implements  the 
asymptotic  matching  which  results  from  ■  local  boundary  layer  analysis,  permitting  graceful  continuation  cf  the  geometric 
optics  calculation  as  shown  in  Figure  2.  Fbr  ionospheric  heating  calculations,  this  capability  must  ha  extended  beyond  the 
fimi  tat  tans  of  geometric  optics  so  that  accurate  field  values  are  obtained  everywhere  near  the  caustic  surfaces.  Tins  may 
be  accomplished  in  a  straightforward  manner  a  psstrrisri  by  patching  the  geometric  optica  amplitude  in  the  neighborhood 
cf  the  caustic  singularity  with  an  amplitude  obtained  from  an  appropriate  boundary  layer  analysis.  Birefringence  and 
Faraday  rotation  are  treated  in  a  fully  automated  and  general  fashion.  An  appropriate  modification  of  the  asymptotic  theory 
is  automatically  implemented  in  nearly  degenerate  environments,  where  tarn  diZerent  modes  have  nearly  the  same  focal 
dispersion  relation.  Figure  3  illustrates  the  results  of  this  procedure  when  an  electromagnetic  wave  esters  a  magnetized 
plasma  This  procedure  results  in  a  correct  accounting  for  linear  mode  conversion  in  weakly  anisotropic  plasmas.  It  also 
allows  the  prediction  of  large  scale  spatial  modulation  of  wave  dissipation  rates  due  to  long  wavelength  fhraday  rotation  in 
the  lower  ionosphere. 

The  asymptotic  theory  upon  which  the  geometric  optics  code  it  based  may  be  summarised  at  foUoars.  An  equation 
governing  linear  wave*  In  a  magnetised,  weakly  nontmiform  plasma  follows  directly  from  Maxwell's  equations  and  an 
appropriate  linear  constitutive  relation, 

v  X  V  X  £  +  /dV#C  - 1',  t  -  t';r\ <)  •  fiCr'A  (1) 

H  the  dependence  of  £  on  its  last  two  arguments  is  walk  then  nearly  plane  wave  solutions  to  (I)  may  be  sought  of  the  form 

*£.«>■»  (2) 

whets  tbs  complex  amplitude  vector  £g  is  slowly  varying  in  space  and  time  and  the  real  phase  function  p  is  a  nearly  linear 
function  of  apace  and  time.  When  the  sassti  (2)  it  need  in  the  vrave  equation  (1)  there  reeuila 

H-Eo-USa)  (3) 

accurate  through  first  order  in  small  inverse  space  and  time  scale*.  Here  the  operator  £  may  be  written 

U£»)  -  5*«4t  •  £0) + 5*(a-AT  £o> 

A-Eo  (4) 

where 

W,  VS-M.  (5) 

The  operators  with  hats  are  understood  to  act  only  on  explicit  space  and  time  dependences,  whereat  those  without  b»t« 
act  on  the  implicit  dependences  through  £  and  <•>  aa  wtfl.  U  the  plasms  ia  perfectly  uniform  then  the  right  hand  side  of  (3) 
vanishes.  The  tensor  ^  has  the  form 

where  £  ie  the  uniform  plasma  conductivity  tensor  evaluated  using  the  local  space-dependent  and  time-dependent  plasma 
properties.  In  a  cold,  magnetized  electron  plasma  with  Krook  type  dissipation  gjvemed  by  collision  frequency  ve,  the 
conductivity  tensor  takes  the  form 

where 

a— +.V*  •*-iSr  « 

and  £  ia  the  background  magnetic  field,  t  i*  the  magnitude  of  the  electron  charge,  m  is  the  electron  mam,  e  ia  the  speed  cf 
fight,  end  n  is  the  electron  density.  The  tenacr  vanishes  in  the  cold  plasma  limit,  and  in  general  is  not  simply  expressible 
in  terms  cf  the  tensor 
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A  serie*  •oltitioc  to  (3)  U  developed  baaed  upon  the  smallnea*  of  the  right  hand  ride,  whence 

iA-4#)-o  («) 

•ad 

iA-4‘’-x(40>)-  o°) 

la  order  for  the  phaae  function  ^  to  be  real  when  the  conductivity  tensor  g  is  not  completely  antibcTmitUn,  ar  additional 
small  term  may  be  consistently  introduced  in  both  zero  and  first  order  which  contains  a  free  parameter  v,  so  that  the  system 
(9)-{  10)  becomes 

iA-40)--^A'40)  on 

and 

•a  •  4”  -  k40>) + ‘^a  ■  40)-  («' 

The  aero  order  equatioc  (H)  hu  oontrirUi  solution!  only  when 

*<(A  +  ,V8-<A)“0  (S3) 

which  defines  s  local  diipenior  relation 

w«n(i  ,£,(),  (M) 

«.  dissipatioo  parameter  i/d,£,<),  sad  a  polarization  rector  {/  auch  that 

(A+v&AJ-C-o  (i*) 

where 

40)  -  °it  o«) 

and  aba  complex  scalar  amplitude.  The  polarization  rector  H  has  an  adjoint  Y_  such  that 

£»-(A+i^A)-0-  (u) 

When  the  first  order  equation  (12)  is  projected  onto  V  th-re  results,  after  some  manipulations, 

d,a  +  (dtft}  •  Vo  +  i(  V  •  3ttl)o  «  fa  (18) 

where 

t s  *  +  ppj {-|(®i.O>  ■  (TOLA)  -  \(0,8l,X) 


+|l (*IL)t  ■  («iAr) '  E*  ~  (VE)' :  (fliA)  •  a 
—[(An)7- :  (5LAr)  ■  r  -  (AE)* :  (A,  A)  •  H 
+j[l',-(t,-aiA)-ir-j:,-(AA,A)-ia 

-E'(AA)t} 


and  A  u  that  singular  value  of  £  +  which  vanishes  when  (13)  is  satisfied  Application  cf  the  method  of  characteristic* 

to  (18)  yields  the  ordinary  differential  equation 

0rO  +  |(V  ■  «^n)o  »  fa  (20) 

with  characteristic  curve*  defined  by 

(2i) 

Differentiation  of  (13)  leads  to 

Brk  »  -Vll  (22) 

which  formally  completes  the  system  of  ray  and  amplitude  equations.  The  polarization  of  the  wave  is  transported  along  the 
ray  by  differentiating  (15)  with  respect  to  r  and  solving  for  the  derivative  of  [T.  Finally,  if  coordinate*  *j  and  sj  are  defined 
which  parameterize  the  boundary  *urfac*  from  which  rays  are  launched,  then  it  can  be  shown  that 

dr)  -  (V  ■  dLn))  (23) 

i  =  0.,t*0»,fflrE-  (M) 

Equation  (23)  can  be  used  to  sumHify  (20),  which  become* 

*K(fc*V),/,«]  =  ^[((A-A)))'^!  (25) 


t  *  * + ~{|k^)'  :  (5iAr)  ■  r  -  <^jof :  (0iA)  •  m 

-|k  Aqt :  (a,  at> ■  e*  -  o to* :  («la)  ■ ■  a 
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(28) 

The  divergence  of  the  group  velocity  Appearing  in  (23)  becomes  infinite  on  %  caustic  surface,  la  practice,  therefore,  (25) 
is  integrated  along  with  the  ray  equations,  the  jacobian  )  is  calculated  from  (24),  and  equations  determining  the  partial 
derivatives  in  (24)  are  also  integrated, 

9,£-?&W  )+i(*Mt«)  (») 

^..r(Wn).j.(^n)  (28) 

where  £  is  any  one  of  the  partial  derivative  vectors  appearing  in  (24)  and  £  is  the  corresponding  partial  derivative  at  k-  The 
advantage  of  using  (25),  (27),  and  (28)  is  that  all  of  the  coefficients  and  dependent  variables  are  bounded  on  a  caustic  surface. 

When  the  background  is  isotropic  or  nearly  isotropic  the  foregoing  analysis  brrdc*  down  and  the  analysis  must  be  repeated 
far  the  case  in  which  two  singular  values  of  the  wave  equation  tensor  vanish  or  are  both  small.  One  result  of  switching  between 
the  two  formalisms  is  the  bifurcation  of  rayj  on  entry  into  an  anisotropic  medium. 

The  ray  tracing  code  described  by  the  block  diagram  in  Figure  4  has  been  constructed  using  the  formalism  described 
above.  Examples  of  its  capabilities  are  displayed  in  Figure  5. 

Electromagnetic  fields  at  the  boundary  surface  from  which  rays  are  launched  must  conform  to  the  assumptions  of  slowly 
varying  amplitude  and  nearly  linear  phase  which  underly  the  goometric  optics  theory.  Fields  radiated  from  a  transmitting 
antenna  must  therefore  be  expressed  in  their  far  field  form  on  the  boundary  surface.  The  far  field  form  in  conjunction  with 
the  local  dispersion  relation  serve  to  determine  the  goometric  optica  phase,  amplitude,  polarization,  and  associated  oroperties 
of  the  transmitted  wave  on  the  exterior  of  a  sphere  surrounding  the  antenna.  The  sphere  is  chosen  to  be  large  compared  to 
the  antenna  but  does  not  extend  into  the  ionosphere.  Geometric  optics  rays  are  launched  from  the  surface  of  this  sphere  and 
the  prescribed  amplitude  and  polarization  data  are  transported  into  the  ionosphere. 

The  procedure  for  evaluating  the  radirtion  electric  field  and  associated  volumetric  power  deposition  once  the  ray  tracing 
results  are  in  hand  is  not  trivial.  Each  geometric  optics  ray  must  be  considered  as  a  member  of  a  family  of  rays  which 
describes  a  single  geometric  optics  mode  ;  having  the  form 

Ej^Ea/z,^^  (29) 

where  the  amplitude  vector  is  nearly  constant  and  the  phase  function  is  marly  linear.  The  transport  of  the  wave  phase, 
amplitude,  and  poirrizaiion  along  a  ray  constitutes  evaluation  of  a  tingle  geometric  optica  mode  along  the  ray  path.  In 
numerical  practice,  values  of  these  wave  parameters  are  available  at  discrete  points  akmg  the  ray  path.  Thus,  for  each 
geometric  optics  mode  there  is  a  three  dimensional  grid  of  points  at  which  the  wave  parameters  are  available.  This  grid  is 
generated  by  tracing  rays  launched  from  a  two  dimensional  boundary  surface.  The  field  of  each  mode  at  an  arbitrary  point 
in  space  and  time  must  be  determined  by  a  three  dimensional  interpolation  procedure.  The  procedure  is  as  follows.  Let 
and  s]  be  coordinates  parameterizing  the  boundary  surface,  and  let  r  be  a  coordinate  parameterizing  each  ray.  Then  wave 
parameters  for  a  given  mode  may  be  made  available  on  a  regular  grid  in  the  three  dimensional  ray  space  (si,  sj,  r )  after  rays 
have  been  traced.  Likewise,  the  position  coordinates  of  these  gridpoints  are  tabulated  as  r(sj,  a*,  r).  Suppose  tha*.  the  field  of 
that  mode  is  desired  at  a  point  £0-  First  it  is  necessary  to  determine  ray  space  coordinate  values  (jjq,  *20  <  *o)  corresponding 
to  the  field  point  £q  such  that 

(30) 

This  must  he  done  by  inverse  interpolation.  If  interpolation  is  justifiable,  a  straightforward  three  dimensional  numerical 
rootfbdirg  scheme  will  solve  this  problem  with  any  reasonable  initial  guess.  In  particular,  a  Newton  iteration  based  on  the 
relation 

h  *fri0iIr  +  $*20f,r  +  $rdrt  (31) 

where 

=  (32) 

works  well.  Here  the  partial  derivatives  can  be  evaluated  using  tabulated  ray  coordinate  data.  The  increment  Sr,  far  example, 
may  be  determined  by  taking  the  inner  product  of  the  total  variation  $z  above  with  the  vector  d$l£  x  d^£.  This  v  jtx  is 
perpendicular  to  both  dtl£  and  and  the  result  is 

3r  «  (&,£  x  d^t)  -SiJ(dtlL  x  dgyt)  •  dr£.  (33) 

Increments  6»\  and  f*j  may  be  rimflariy  determined.  The  coordinates  *j,  sj,  and  r  are  repeatedly  incremented  until  they 
ree'di  sjo,  *29,  and  tq. 

Having  determined  sjq,  *20*  *°d  Vi  ‘m  this  fashion,  the  wave  parameters  of  the  geometric  optics  mode  may  hs  forward 
interpolated  in  three  dimensions.  That  is,  the  phase,  amplitude,  and  polarization  at  *10,  *30*  and  %  may  be  found  from 
corresponding  values  at  nearby  points  in  the  three  dimensional  ray  space  grid  determined  by  the  ray  tracing.  The  entire 
process  of  inverse  interpolation  followed  by  forward  interpolation  must  be  repeated  for  each  geometric  optics  mode  which 
passes  across  the  field  point.  In  a  typical  oblique  propagation  scenario  there  may  be  four  modes  passing  through  a  field  point: 
upward  launched  and  downward  reflected  instances  of  ordinary  and  extraordinary  magnetized  plasma  waves.  Coherent 
superposition  of  these  waves  is  necessary  in  order  to  display  such  features  as  Fhraday  rotation  of  the  polarization  vector  and 
associated  spatial  oscillation  of  the  power  deposition. 

The  time  averaged  volumetric  power  deposition  is  expressed  in  terras  of  the  total  electric  field  as 

p=\r-E  (34) 
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to  order  to  evaluate  the  power  deposition  at  an  arbitrary  field  point,  the  conductivity  tensor  *u«t  also  be  interpolated 
fee  each  radiation  mode. 

*  IONOSPHERIC  PLASMA  BACKGROUND  AND  TRANSPORT 

As  already  mentioned,  the  geometric  optica  code  uses  a  modular  conductivity  tensor,  that  u,  the  dielectric  properties  of 
the  medium  are  incorporated  in  the  code  entirely  through  an  isolated  module.  Of  the  various  ionosphere  models  currently  in 
usageM,  w«  have  chosen  the  International  Reference  loooephrre  (IRI)  model!*0!.  It  provides  electron  and  ion  densities  and 
temperatures  as  well  as  neutral  temperature  as  functions  of  geographic  or  geomagnetic  location  and  altitude.  Parameter* 
are  time  of  day,  time  of  year,  and  sun  jpot  number.  The  geomagnetic  field  is  also  evaluated  by  these  routines.  The  IRI  is  an 
•oapirieal  model  that  give*  the  most  flexibility  and  generality  for  applications  of  interest.  The  IRI  version  used  was  obtained 
through  the  courtesy  of  D.  BiliVa  at  the  National  Space  Science  Data  Center  at  NASA  Goddard  Space  Flight  Center. 
The  neutral  density  model  was  obtained  from  the  Mean  CIRA  Reference  Atmosphere  model!11!  and  provide*  densities  of 
molecular  nitrogen  and  oxygen,  atomic  oxygen,  argot*,  helium,  and  hydrogen  at  various  altitude*.  The  electron  collision 
frequency  baa  contribution*  from  the  Coulomb  collisions  with  ions  as  well  as  short  range  coIHsioos  with  the  neutrals.  The 
fanner  is  important  in  the  F  region,  while  the  latter  dominates  the  D  and  E  regions  as  well  as  the  loavr  **  region  of  the 
ionosphere.  The  magnetic  field  is  calculated  from  the  19CS  POGO  spherical  harmonic  model' *3.  Together  these  routine* 
provide  a  basis  for  the  determination  of  tlie  electron  collirion  frequency  and  dielectric  properties  ef  the  ionosphere.  Figure  fi 
shows  densities,  temperature*  and  collision  frequency  profile*  used  in  our  computation*  and  derived  from  the  IRI  routine*. 

Calculations  of  radiation  power  deposition  will  serve  as  input  to  the  plasma  transport  computations.  The  transport 
analysis  in  the  ionosphere  is  best  carried  out  by  a  one-dim-mrional  mode!  along  the  earth’s  magnetic  field  lines.  The  lower 
boundary  is  chosen  in  the  E  region  where  local  electron  cooling  by  the  high  concentration  of  ordrals  is  a  dominant  effect 
which  reduce*  plasma  heating  by  the  HF  waves  to  a  minimum.  The  transport  code  includes  all  the  major  elastic  and  inelastic 
local  lots  mechanisms  existing  in  the  ionosphere  as  well  as  the  effects  of  ronveetion  and  thermal  conduction  aloug  the  earth'* 
magnetic  field  line*.  It  calculate*  the  corresponding  bulk  charges  in  the  plasma  temperature  and  density.  Such  a  model 
was  initially  developed  for  polar  heating  of  the  ionosphere!®!  and  is  currently  generalized  for  a  twxfimenaional  mid-latitude 
geometry!12!.  Other  transport  codes!13-1*!  could  be  used  with  our  radation  model  in  a  similar  mamer,  using  power  deposition 
profile*  m  a  beating  source  for  energy  balance  transport  equations. 


4.  ILLUSTRATIVE  EXAMPLES 

In  this  section  we  show  *oene  ill  nt rati ve  calculations  simulating  an  HF  radar  beam  propagating  in  the  ionosphere.  All 
example*  use  the  ionospheric  conditions  shown  in  Figure  6  Rays  orr  transmitted  from  a  location  45°  North  and  70°  West 
during  the  r»on*b  of  January  at  8:00  AM  'ocal  transmitter  time.  The  sunspot  number  is  100.  Figure  7  sbosr*  an  angular  scan 
of  ten  rays  transmitted  at  10  MHz  with  horizontal  transmitter  polarization.  Since  the  reflection  layer  altitude  i*  a  function 
of  frequency  and  cngle  of  incidence,  tome  rays  reflect  from  the  ionosphere  and  others  pass  through  it.  AD  rays  bifurcate  into 
distinct  ordinary  and  extraordinary  mode  rays  because  of  the  anisotropy  of  the  magnetized  ionospheric  plasma.  Figure  8 
show*  multiple  bounce*  of  a  radar-like  beam.  Notice  that  while  rays  incident  at  steeper  angle*  are  about  to  complete  four 
bop*,  grazing  incidence  ray*  are  barely  completing  two  bops.  A  full  layout  of  the  different  projections  of  a  tingle  hop  beam 
of  ray*  is  shown  in  Figure  9.  Detail*  of  the  caustic  *urface  geometry,  splitting  of  the  beai-»  into  ordinary  aud  extraordinary 
mode*,  and  shifting  of  the  beam  pattern  toward  the  direction  of  the  earth’s  magnetic  field  are  dearly  apparent.  Figure  10 
show*  contours  of  constant  ohmic  power  deposition  along  the  equatorial  x-z  plane.  Here  the  enotr'Vutionj  from  different 
wave*  are  incoherently  superposed  since  the  interference  terms  are  rapidly  oscillating  in  space.  Large  absorption  of  the  HF 
energy  occur*  at  low  altitude  in  the  D  and  E  regions  due  to  large  collision  frequence*.  Caustic  *s»e£iig  at  higher  altitudes  is 
also  a  cause  of  enhanced  absorption  of  the  wave  energy.  Throe  regions  are  therefore  EMy  location  far  thermal  modification 
of  the  ionosphere.  Finally,  Figure  11  shows  m  example  of  results  from  the  polar  beating  transport  code  where  both  electron 
temperature  and  density  are  changed  by  90  seconds  of  heating  at  5  MHz.  Similar  effect*  are  ncpeled  to  occur  in  the  mid- 
latitude  ease  using  powerful  radar  beams  since  the  power  absorbed  by  the  ionosphere  is  comparable,  if  not  larger,  in  the 
latter  case. 

».  CONCLUSION 

We  have  shown  oblique  HF  ionospheric  wave  propagation  and  ohmic  beating  rate  result*  from  a  comprehensive  numerical 
implementation  of  plasma  geometric  optic*.  The  completeness  of  the  numerical  implementation  allows  moddirg  cf  ware 
propagation  and  absorption  with  novel  realism  and  detail,  and  is  suitable  for  *etf-conristent  prediction  of  quadlinear 
iooctpberic  modification*  and  associated  effects.  Future  work  will  focus  on  coupling  the  radiation  amputations  to  transport 
Com  put  it  ion*  in  order  to  achieve  self- conxi  sten  cy . 
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Figure  l.  Block  Din^rum  for  the  HF  lonoephrric  Propagation  Code 


Figure  4.  Block  Diagram  (or  the  Plasma  Geometric  Optica  Code  Showing  its  Main  Modules, 
Input  and  Output  Routines,  and  Interfaces  with  the  Transport  Code 


(b)  WITH  UNEAR  POLARIZATION 


(e)  REFRACTION  BY  ISOTOPIC  PLASMA 
SPHERE 


(d)  WITH  UNEAR  POLARIZATION  AND 
VARYING  AMPLITUDE 


RAY 

(l)  WITH  MAGNETIC  FIELD  AOOEO 


(f)  WITH  VARYING  POLARIZATION  AND 
AMPLITUDE  IN  A  BIREFRINGENT  MEDIUM 


Figure  5.  Examples  o l  Plasma  Geometric  Optics  Code  Capabilities 
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Figure  9.  Projection*  of  10  MHi,  Horizontally  Polarized,  Eastward  Propagating  Beam  of  Hays 
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Figure  10.  Powet  Deposit!  ja  Contour*  along  the  Equatorial  t-t  Plane 
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Figure  11.  Deformation  of  the  Plasma  Temperature  and  Density  Under  90  sec.  of  HF  Heating 
Followed  by  60aec.  of  Cooling;  HF  Signal  is  5  MHz,  ERP  =  100  MWati,  from  Reference 
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X.  Comment!  This  kind  of  code  oust  also  bo  uoaful  for  studies  of  large  thermal  cavity 
fonution,  largo  aoala  field  aligned  irregularities,  "thermal  aalf  focussing*  and  so 
on.  Your  consent? 

2.  Question!  My  feeling  is  that  coupling  to  Z  mode  and  access  to  plasma  resonance 
must  be  undesired,  and  difficult  to  handle  in  this  very  general  code.  Your  comment? 

AOTBCt'S  MPLY 

Yes,  this  is  one  of  the  major  phenomena  that  we  would  like  to  be  able  to  analyse 
using  the  code.  As  far  as  handling  electrostatic  wave  affects  (plasma  resonance,  Z- 
moda,  etc...),  the  code  will  go  as  far  as  the  geometric  optics  approximation  permits, 
i.s.,  it  will  calculate  any  longitudinal  field  conponent  aa  long  as  longitudinal 
oscillations  are  small  with  respect  to  spatial  variations  in  the  medium. 
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ABSTRACT 

Plant  are  now  underway  to  carry  out  new  HP  oblique  Ionospheric  modification  experiments  with  increased 
radiated  power  using  a  new  high  gain  antenna  system  and  a  1  MW  transmitter.  The  output  of  this  large 
tranrnlttlng  system  will  approach  90  dBW.  An  Important  part  of  this  program  Is  to  determine  the  existence  of  a 
threshold  for  non-linear  effects  by  varying  the  transmitter  output 

For  these  experiments  we  are  Introducing  a  new  HF  probe  system,  a  low  power  oblique  sounder,  to  be  used 
■long  the  same  propagation  path  as  the  high  power  disturbing  transmitter.  This  concept  was  first  used  by  so-det 
researchers  to  Insure  that  this  diagnostic  signal  always  passes  through  the  modified  region  of  the  Ionosphere. 
The  HF  probe  syitem  will  use  a  low  power  (150  W)  CW  signal  shifted  by  approximately  40  kHz  from  the 
frequency  used  by  the  high  power  system.  The  transmitter  for  the  probe  system  will  be  at  the  same  location  as  the 
high  power  transmitter  while  the  probe  receiver  wril  be  2400  km  down  range.  The  probe  receiving  system  uses 
multiple  antennas  to  measure  the  the  vertical  and  azimuthal  angle  of  arrival  as  well  the  Doppler  frequency  shift 
of  the  arriving  probe  signal.  The  three  antenna  array  will  be  In  an  "L"  configuration  to  measure  the  phase 
differences  between  the  antennas.  At  the  midpath  point  a  vertical  sounder  will  provide  the  Ionospheric 
Information  necessary  for  the  frequency  management  of  the  experiment 

Real-time  signal  processing  will  permit  the  site  operators  to  evaluate  the  performance  of  the  system  and 
make  adjustments  during  the  experiment.  A  s pedal  ray  tradng  computer  will  be  used  to  provide  real-time 
frequencies  and  elevation  beam  steering  during  the  experiment. 

A  description  of  the  system  and  the  analysis  used  In  the  design  of  the  experiment  art  presented. 
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Introduction 

This  oblique  HF  ionospheric  "heating*  project  is  designed  to  Investigate  the  modification  of  the 
ionosphere  using  high  power  HF  communications  and  radar  systems  that  operate  in  long  range  propagation 
mode.  In  this  particular  case,  for  the  F-reglon,  we  are  attempting  to  "disturb*  the  ionosphere  some  12D0  km  down 
range  it  a  bearing  of  90*  T  from  the  high  power  transmitter  located  at  the  Voice  of  America  (VOA)  station  in 
Delano,  California.  This  places  the  modified  region  of  the  ionosphere  over  the  Albuquerque,  New  Mexico  area. 

Based  on  the  theoretical  work  of  Gurevich  (1978)  and  Field  et  al.  (1985)  It  is  expected  that  the  "heating" 
process  manifests  Itself  in  two  different  ways  In  the  rt-region  of  the  ionosphere,  above  about  220  km,  the  primary 
effect  is  to  heat  the  electrons  In  a  volume  (approximately  20  km  in  height  and  100  km  in  diameter,  depending  on 
the  two  dimensional  beamwidth  of  the  transmitting  antenna)  located  in  the  vidnity  of  the  caustic  region  formed 
at  the  reflection  altitude  Just  beyond  the  midpath  for  the  skip  rays  of  the  high  power  transmitter.  At  these  F- 
region  altitudes  the  heated  electrons  result  In  a  depleted  region  with  an  electron  density  which  is  about  5%  below 
the  ambient  density.  Figure  1  shows,  in  pictorial  form,  the  relative  positions  of  the  transmitter  ray  path  and  the 
heated  region.  As  will  be  shown  below,  other  radio  signals  propagating  through  this  "hole"  generated  by  the 
high  power  HF  transmission  can  be  affected. 

In  addition  to  the  depletion  effect  we  expect  Instabilities  to  develop  resulting  from  the  likely  presence  of 
small  scale  perturbations  in  the  ambient  plasma.  The  self-focusing  instability  mechanism  appears  to  have  a 
relatively  low  threshold  (•  1  mV/m)  and  should  produce  enhanced  Irregularities  which  are  capable  of  scattering 

radio  waves. 

The  basic  plan  to  detect  the  presence  of  the  disturbed  regions  is  to  observe  changes  on  a  probe  signal  passing 
through  the  modified  region  as  the  high  power  transmitter  is  cycled  on  and  off.  As  will  be  discussed  later  the 
probe-  transmitter  is  colocated  with  the  high  power  (VOA)  transmitter,  and  uses  a  frequency  only  slightly 
removed  from  the  frequency  of  the  "disturbing"  transmitter.  This  arrangement  insures  that  the  probe  signal 
follows  the  same  ray  path  as  the  disturbing  signal  and  passes  directly  through  the  modified  region  on  its  way  to 
the  ground  receiving  station  some  2400  km  away  from  Delano 

In  addition  to  the  probe  signal  we  also  monitor  the  midpath  ionosphere  using  a  vertical  incidence 
Digisonde  to  provide  profiles  of  the  ambient  electron  density  for  frequency  management  of  the  high  power 
transmitter  and  for  control  of  the  elevation  steering  of  the  VOA  2-D  antenna  array.  The  ability  to  control  these 
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two  factor*  make*  1*  possible  to  maximize  th e  energy  deposited  In  the  Ionosphere  at  the  desired  location.  The 
Digtoonde  can  alto  be  used  as  a  vertical  looking  HF  radar  to  detect  the  smaller  scale  irregularities. 

High  Power  Transmitting  System 

The  5%  modification  of  the  background  F*region  ionosphere  by  a  high  power  HF  transmission  requires  an 
elective  radiated  power  level  of  the  order  of  90  dSW.  The  Voice  of  America  facility  at  Delano,  California  has  this 
capability  Using  their  new  2-D  antenna  array  which  consists  of  throe  vertical  bays  of  4  ¥  6  elements  each,  it  Is 
possible  to  achieve  25  to  30  dB  of  directive  gain  depending  on  the  specific  frequency  selected  within  the  frequency 
bend  for  die  array.  Each  of  the  three  bays  can  be  driven  in  phase  with  a  separate  transmitter  each  having  a 
maximum  power  of  375  kW  to  give  a  total  transmitter  power  of  1.1  MW. 

The  elevation  antenna  pattern  of  this  array  la  steerable  by  phasing  the  horizontal  rows  of  elements  relative 
to  each  other.  This  permits  the  beamed  energy  to  be  deposited  at  the  desired  location  relative  to  the  midpath  and 
down  range  atationa.  The  choice  for  the  specific  elevation  angle  depends  on  the  separation  between  the 
transmitter  site  and  the  down  range  receiving  sites  as  well  as  the  height  and  critical  frequency  of  the  ionosphere, 
fat  addition,  theoretical  modeling  of  the  heated  region  with  the  ray  tracing  through  the  disturbed  region  leads  to 
the  conclusion  that  die  largest  effects  occur  when  the  skip  distance  Is  adjusted  so  that  it  lies  some  200  km  short  of 
the  down  range  site,  l.e.  at  approximately  2200  km  down  range  from  Delano.  This  degree  of  experimental 
management  requires  a  near  midpath  vertical  sounding  to  specify  the  ionosphere  in  that  region. 

Midpath  Vertical  Incidence  Sounder 

Frequency  Management 

A  University  of  Lowell  Center  for  Atmospheric  Research  (ULCAR)  Digisonde  256  is  located  at  Kirtland 
AFB  In  Albuquerque,  NM.,  some  1200  km  from  the  Delano  VOA  station.  This  midpath  site  was  selected  because 
it  Baa  almost  exactly  rat  the  great  circle  path  to  Barksdale  AFB  near  Shreveport,  LA  (2400  km  from  Delano)  which 
serves  as  the  ground  point  for  th*  probe  system  discussed  in  the  next  section. 

The  primary  mode  of  operation  for  the  Digisonde  to  the  vertical  incidence  (VS  ionogram  made  each  15 
minutes  and  it  to  planned  to  control  and  receive  the  sounder  data  via  a  modem  at  the  Barksdale  AFB  site.  Aa  a 
backup  to  the  remote  control  and  monitoring  of  the  Digisonde  for  the  frequency  management  part  of  the 
experiment,  voice  telephone  can  be  used  after  each  VI  ionogram.  These  available  data  include  the  layer  critical 
frequency,  foF2,  the  true  height  for  the  maximum  of  the  layer  (derived  from  the  automatically  scaled  and 
inverted  ionogram)  and  the  height  of  the  bottom  of  the  layer  which  for  these  experiments  to  chosen  to  be  the 
lowest  virtual  height  corresponding  to  the  bottom  of  the  F-layer;  all  these  proposed  measurements  will  be  made 
at  night  during  these  campaigns.  An  example  of  the  summary  of  these  data  are  shown  in  Figure  2.  For  31  Jan. 
1990,  from  just  after  03  UT  to  just  before  10  UT,  we  see  the  edited  vertical  sounder  data  specification  for  the 
nighttime  ionosphere.  The  lowest  trace  to  the  modelled  E-Iayer,  of  no  great  significance  for  these  experiments. 
Moving  upward  we  see  the  variation  of  foF2.  the  height  of  the  bottom  of  the  F-  layer  and  finally  the  height  of  the 
padt  of  the  layer;  a  very  typical  behavicr. 

The  received  data,  fbF2,  hmax  and  Ym  •  fomax  -  hmin)  will  be  put  into  a  simple  quasi-parabolic  ray  tracing 
program  and  for  each  selected  frequency  the  program  to  run  through  a  sequence  of  elevation  angle*  beginning  at 
3*  and  increasing  in  1*  steps  until  the  ray*  penetrated  the  F-layer.  This  set  of  raya  to  examined  to  determine  the 
frequency  that  placed  the  skip  distance  some  200  km  closer  to  Delano  than  Barksdale.  At  the  same  time  the 
vertical  take-off  angle  to  the  skip  to  also  calculated  from  the  program  and  this  information  to  telephonically 
transmitted  to  the  Delano  operators  so  that  they  can  adjust  the  high  power  transmitter  frequency  and  elevation 
steer  angle. 

SkymapMode 

As  pert  of  tite  routine  Digisonde  mode,  F-layer  drift  measurements  are  made  during  the  time  between  the 
VI  soundings.  This  means  that  some  twelve  minutes  of  drift  data  to  recorded  during  each  15  minute  period  using 
the  four  antenna  receiving  array  at  *  frequency  whose  virtual  height  to  at  the  same  virtual  reflection  height  of  the 
oblique  heating  frequency.  This  approach  insures  that  the  skymap  measurements  are  made  in  the  same  altitude 
regime  as  the  oblique  heating  process. 

Skymap*  are  displays  of  the  location  of  the  several  reflecting  sources  In  tne  ionosphere  near  the  reflection 
layer  detected  by  the  phase  difference  between  the  four  Digisonde  receive  antennas.  The  signals  on  each  antenna 
are  spectrally  processed  and  then  the  phase  differences  between  the  antennas  for  the  strangest  spectrum  lines  are 
calculated  This  phase  difference  is  then  converted  to  elevation  angle. 

The  spatial  distribution  of  the  observed  sources  can  be  understood  as  a  measure  of  the  irregular  structure 
in  the  reflection  region.  When  the  ionosphere  to  relatively  free  of  irregularities  the  akymaps  will  appear  as  a 
doedy  spaced  group  of  reflections  and  the  sou-  r  locations  will  all  coincide.  On  the  other  hand,  when  the 
ionosphere  to  highly  irregular,  the  skymap  will  show  a  wide  spread  of  sources  over  a  significant  fraction  of  the 
total  obeervation  angle,  typically  45°  measured  from  the  zenith.  For  these  heating  experiments  it  is  expected  that 
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th*  self-focusing  Instability  mechanism  will  increase  the  number  of  irregular! -ies  m  the  obesrvation  area  u>d  the 
ooum  at  the  number  of  aourees  will  increas*  during  the  heating  part  of  the  cycle. 

During  the  pert  of  the  heating  cyde  whoi  the  high  power  transmitter  la  turned  iff  the  number  of  tkymap 
Sources  are  expected  to  decrease.  We  must  recognize  at  thla  point  In  the  aruiytla  that  we  do  not  know  the  time 
constant!  associated  with  die  decay  of  these  Instabilities  and  therefore  the  skymape  may  or  may  not  ahow  a 
variation  com  pare  tie  with  heater  power  cycling. 


Ofrliqw!  Sounder 

An  oblique  swept  frequency  sounder  was  established  over  the  tame  path  as  the  Probe  system,  l.e.,  from 
Delano  to  Barksdale.  This  sounder  sweeping  from  6  to  30  MHz  provided  an  independent  measure  of  the 
maximum  observable  frequency  (MOF)  that  can  be  compared  with  the  values  derived  from  the  vertical  incidence 
midpath  telegram  using  transmission  curve  overlays  for  2400  km.  These  oblique  telegrams,  made  every  15 
minutes,  helped  provide  a  basis  for  the  frequency  management  decisions,  but  these  data  had  to  be  extrapolated  to 
determine  the  MOF  for  2200  km  (be.  to  put  the  ship  range  approximately  200  km  doser  to  Delano).  In  addition 
the  oblique  lonogrsms  cut  not  provide  any  estimate  of  the  elevation  angles  that  must  be  used  to  maximize  the 
energy  deposition  over  the  Kirtland  site. 

HF  Probe  Syfftm 

A  low  power  (150  W)  CW  transmission  was  provided  over  the  2400  km  path  from  Delano  to  Barksdale. 
These  transmissions  at  a  frequency  only  alightly  different  from  the  high  power  "heating*  transmitter,  would  not 
be  Interrupted  as  the  heater  transmitter  was  cycled  on  and  off  with  a  five  minute  period  The  probe  signal  passes 
through  the  modified  Ionospheric  region  and  the  signal  received  on  the  ground  it  Barksdale  is  processed  for 
changas  In  Doppler  frequency  shift,  amplitude  and  arrival  angle  that  correlate  with  the  heater  cycling. 

The  A-D  convertor  at  the  IF  output  of  the  receiver  simples  the  ln-phase  CD  and  the  shifted  qu  ‘drature  (Q) 
components  of  the  signil  and  these  complex  samples  are  tlored  until  the  system  has  accumulated  409-5  data 
points.  In  the  Zenith  computer,  these  4096  complex  points  are  used  In  a  Fourier  transform  analysis.  The  400 
spectrum  tines  centered  on  0  Hz  are  stored  on  the  system  for  real-time  display  and  also  recorded  on  floppy  disc  for 
subsequent  analysis.  It  is  necessary  to  retain  only  the  center  portion  of  the  spectrum  around  ±  10  Hz,  since  we 
expect  the  natural  fluctuations  of  the  ionosphere  to  cause  only  small  Doppler  frequency  shifts.  Again,  the  healing 
can  be  expected  to  superimpose  an  additional  small  Doppler  frequency  shift  (certainly  less  than  ±  10  Hz)  that 
varies  with  the  heating  cyde. 

Experimental  Plan 

The  flnt  test  of  the  entire  system  was  carried  out  during  the  period  from  25  Jan.  1990  through  2  Feb.  1990. 
Five  campaigns  were  held  on  alternate  nights,  each  ran  for  about  5  h.  urs  beginning  around  04  UT  (at  the 
midpoint  heating  region  the  local  time  is  -7  hours  from  UT).  This  particular  time  period  was  selected  for  the 
following  reasons. 

1.  The  heating  prooeas  Is  enhanced  when  the  heating  frequency  is  low. 

2.  The  Ionosphere  has  stabilized  to  some  degree  after  the  sunset  period. 

1  No  D-region  absorption  Is  present  during  these  hours. 

This  first  test  period  is  considered  a  dry-ron  for  the  upcoming  full  power  tests  planned  for  the  Fall,  1990, 
During  this  test  the  VOA  high  power  transmitter  ran  with  only  375  kW  total  power.  In  addition  the  transmission 
azimuthal  array  betmwidth  was  wider  than  planned,  thus  reducing  the  power  density  on  the  ionosphere  by  an 
additional  5  dB.  For  the  fan,  1990  campaign  the  FRP  was  stout  10  dB  below  the  system's  maximum  poweT  level 

The  spectrum  data  stored  on  the  computer  hard  disk  during  the  mission  are  transferred  to  a  floppy  disk 
and  are  brought  back  to  the  laboratory  for  additional  processing. 

MFJErobt  InnanUtint  System 

The  transmitter  is  a  150  W  amplifier  driven  by  a  10  Vf  amplifier.  Th.-  frequency  is  obtained  from  a 
tuneable  synthesizer  locked  to  a  very  stable  atomic  frequency  standard.  The  amplified  signals  are  delivered  to  a 
start- V  antenna  with  two  400  ft  balanced  elements  suspended  from  a  25  m  triangular  metal  tower  to  the  ground 
afoping  outward  in  the  direction  from  Delano  to  Barksdale  (90*  T).  A  balun  was  installed  near  the  top  of  the 
tower  to  provide  an  impedance  transformation  from  the  unbalanced  shielded  coaxial  cable  to  the  balanced  two 
tetg  wire  dements. 

The  frequency  for  there  probe  transmissions  was  usually  set  to  be  just  below  th*  heater  frequency  (ie.  30  to 
U  kHz)  to  keep  the  high  power  heater  transmissions  tram  overloading  the  probe  receivers 
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HT  Frebe  aecrirrr  and  Anftnni  Svittm 

To  receive  the  probe  signals  it  Barksdale  AFB  outside  of  Shreveport,  LA  we  established  a  3  antenna/ 
Molver  system.  The  three  antennas  art  placed  In  two  lines,  one  in  the  direction  of  Delano  and  the  other 
«rp«<u4hiil»r  (o  the  direction  to  Delano.  One  antenna  Is  common  to  both  arrays  and  acts  as  a  reference  antenna. 
The  two  element  array  along  the  great  drde  path  to  Delano  serves  as  an  Interferometer,  measuring  the  vertical 
angle  of  arrival  of  the  probe  signal  The  Interferometer  measures  the  phase  difference  between  the  two  antennas 
tptced  approximately  100  m  apart  and  converts  this  phase  difference  to  an  angle  of  arrival.  Aa  with  any 
interferometer,  there  will  be  tome  ambiguity  in  this  measurement  and  for  the  frequencies  used  in  this  heating 
wperiment  these  foidovers  due  to  aliasing  are  located  outside  the  range  of  expected  elevation  angles. 

The  second  array  of  two  antennas  elements  spaced  30  m  apart  is  oriented  perpendicular  to  the  great  circle 
P*  bon  Deiano  to  Barksdale.  This  pair  of  antennas  serve  as  an  interferometer  to  measure  the  changes  in  the 
aiimutha!  arrival  angle.  These  three  antennas  are  simple  vertical,  1  m  monopcles  with  an  active  amplifier  at  the 
hMt  of  f**  Threa  RACAL  receivers,  one  for  each  antenna,  use  a  ISO  Hz  bandpass  filter  and  amplify  the  received 
rirnalr  and  convert  die  transmission  frequency  down  to  the  CP.  The  receivers  are  run  in  a  manual  gain  nude 
n  jU  automatically  phase  calibrated  at  the  beginning  of  each  change  in  the  probe  frequency.  This  change 
•bo  initiates  a  new  file  on  the  computer  hard  disk.  To  be  useful  for  later  signal  processing  these  files  should  be 
beat  30  minutes  Song. 

The  A-D  convertor  at  the  IF  output  of  the  receiver  samples  the  In-phase  00  end  the  shifted  quadrature  (Q) 
components  of  fiw  signal  and  these  complex  samples  are  stored  until  the  system  has  accumulated  40%  data 
hi  the  Zenith  computer,  these  40%  complex  points  are  used  in  a  Fourier  transform  analysis.  The  400 
apectiua  lines  centered  on  0  Hz  are  stored  on  the  system  for  real-time  display  and  also  recorded  on  floppy  disc  for 
subsequent  analysis.  It  is  necessary  to  retain  only  the  center  portion  of  the  spectrum  around  ±  10  Hz,  since  we 
eepect  the  natural  fluctuations  of  the  ionosphere  to  cause  only  small  Doppler  frequency  shifts.  Again,  the  heating 
canbe  expected  to  superimpose  in  additional  small  Doppler  frequency  shift  (certainly  less  then  ±  10  Hz)  that 
varies  with  the  heating  cyde. 

Experimental  F.an 

The  first  test  of  the  entire  system  was  carried  out  during  the  period  from  25  Jan.  1990  through  2  Feb.  199a 
Five  campaigns  were  held  on  alternate  nights,  each  ran  for  about  5  hours  beginning  around  04  UT  (at  the 
midpoint  heating  region  the  local  time  is  -7  hours  from  UT).  This  particular  time  period  was  selected  for  the 
following  reasons. 

L  The  hotting  process  is  enhanced  when  five  heating  frequency  is  low. 

Z  Tl*  ionosphere  haa  stabilized  to  some  degree  after  tha  sunset  period. 

3.  No  Dvegfon  abeorptlon  b  present  during  these  hours. 

This  first  test  period  is  considered  a  dry-run  for  file  upcoming  full  power  tests  planned  for  the  Fall,  1990. 
During  this  test  the  VOA  high  power  transmitter  ran  with  only  375  klV  total  power.  In  addition  the  transmission 
azimuthal  array  beam  width  was  wider  than  planned,  thus  reducing  the  power  density  on  the  ionosphere  by  an 
additional  5  dB.  For  the  Tan.  1990  campaign  the  ERF,  was  about  Id  dB  below  the  mtem's  maximum  power  level. 

The  spectrum  data  stored  on  the  computer  hard  disk  during  the  mission  are  transferred  to  a  floppy  disk 
and  are  brought  back  to  the  laboratory  for  additional  processing. 

Experimental  Data  Processing  and  Interpretation  ....  , 

Tha  basic  approach  to  the  data  signal  processing  is  to  detect  the  presence  of  the  heating  cyde  (5  minute 
paiod)  against  the  background  of  natural  ionospheric  fluctuations  using  spectrum  analysis.  This  analysis  is  in 
tha  very  low  frequency  domain  where  the  basic  unit  is  millihertz,  e  g.  the  five  minute  heating  period  is  33  mHz 
and  the  spectrum  range  is  from  0  to  22  mHz.  The  natural  background  fluctuations  caused  by  acoustic  gravity 
treses  (AGW)  in  the  ionosphere  have  periods  of  one  hour  or  greater  to  a  minimum  of  about  7  minutes  or,  in  the 
•wgnwvy  domain,  from  027  mHz  to  2.4  mHz  respectively.  The  choice  of  5  minutes  for  the  heating  period  is  to 
posh  file  frequency  of  the  desired  signal  above  the  highest  frequencies  associated  with  the  passage  of  AGW 
through  the  midpath  region.  It  was  found  not  to  be  feasible  to  move  the  heater  cycling  frequency  any  higher  in 
reds  to  get  further  away  from  the  upper  limit  of  the  AGW.  A  higher  cyding  rate  would  reduce  the  heating  time 
10  that  we  would  not  be  sure  of  reaching  the  saturation  point  for  the  maximum  growth  of  the  induced 
instabilities.  '  °  - 

■HEfisSa 

For  the  HF  probe  system,  the  sampling  time  is  dictated  by  the  requirement  to  gather  4096  complex  data 
points  to  generate  the  spectrum  of  the  signal  received  at  each  of  the  tree  antennas.  It  takes  23 3  sec.  to  gather  the 
date  for  ail  the  antenna  spectia.  When  the  spectra  are  completed  Gn  real-time)  then  the  peak  of  the  spectrum  is 
identified  and  the  I  and  Q  components  at  that  frequency  are  combined  to  give  the  amplitude  of  five  peak  and  the 
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phase*  on  Ihe  elevation  pur  of  antennas  to  give  the  elevation  angle  assodated  w'lh  thrt  Peppier  frequency  bin. 
When  64  of  these  spectre  ere  completed,  covering  i  period  of  24  minute*,  the  64  peak  unplitjdes  are  spectrally 
analyzed  as  described  above. 

Amplitude 

The  composite  amplitude  variations  of  the  peak  aignal  are  shown  In  Figure  3.  The**  data  Include  two 
frequency  changes  following  the  time  when  the  skip  passe*  beyond  Barksdale  as  the  ionosphere  decays  moving 
Into  the  night.  The  first  frequency  change  was  from  15  0  MHz  to  12.  1  MHz  at  0630  UT  and  the  aecond  change 
occurred  at  0710  when  the  heater  and  probe  frequency  was  reduced  again,  this  time  from  12.1  MHz  to  9.48  MHz. 
A  large  spectrum  of  "fading"  characteristic*  can  be  readily  observed  and  this  manifest*  lt»elf  in  the  spectrum  of 
piece*  of  these  data. 

The  actual  frequency  management  of  the  heating  and  the  probe  systems  during  the  31  Jan.  campaign  1* 
shown  tn  Figure  4.  The  three  frequency  steps  In  the  heater  are  shown  to  follow  the  changing  MOF  on  the  oblique 
sounder  over  the  Delano  to  Barksdale  path. 

Figure  5  show*  *  typical  spectrum  of  the  peak  signal  fluctuaiion*  on  the  reference  antenna.  There  la  no 
reason  to  expect  that  the  spectra  from  either  of  the  other  two  antennas  will  differ  significantly.  Often  we  see  a 
relatively  high  power  level  at  the  lowest  frequencies  In  these  spectra  corresponding  to  the  long  period  fading  of 
the  peak  ilgjrtal.  These  long  (•  10  minute*  or  longer)  fades,  associated  wilh  the  AGW  propagation  over  Kirtiand, 
•fill  not  interfere  with  the  detection  of  the  heating  cycle  frequency. 

The  Individual  campaigns  are  of  the  order  of  5  hour*  and  *ince  each  Individual  spectra  take*  24  minute*  of 
data,  see  obtain  12  spectra  over  the  full  period  of  operation.  In  order  to  smooth  these  spectra  we  have  taken  the 
overlapping  data,  l.e.  the  last  12  minute*  from  one  set  and  the  first  12  minutes  from  the  following  set  of  data  and 
produce  »n  intermediate  spectrum.  In  Figure  5  the  second  spectrum  overlaps  the  first  by  12  minutes  and  yet  we 
see  significant  changes  In  the  structure  of  the  power,  These  observations  will  be  supported  later  when  th* 
skymaps  are  discussed. 

All  of  the  resulting  spectra  are  then  displayed  In  a  time  sequence  with  frequency  as  the  ordinate  and  time 
of  day  as  the  abscissa.  The  ipectrum  power  is  displayed  as  intensity  shading.  Figure  6  is  for  the  31  Jan.  1990 
campaign.  We  see  In  this  figure  that  the  most  Intense  shading*  are  at  the  low  frequency  end  of  the  spectra 
corresponding  to  natural  background  long  period  fluctuations.  The  shaded  area  represent  power  levels  of  les* 
than  40  %  below  the  peak  power.  The  solid  bars  drawn  in  the  shaded  areas  indicate  the  location  of  the  peaks  in 
each  spectrum.  A  horizontal  dashed  line  1*  drawn  at  the  expected  heating  cycle  frequency.  If  these  spectra 
Included  power  at  the  heating  cycle  frequency  (33  mHz)  this  would  show  up  as  a  horizontal  trace  in  the  figure 
over  the  time  interval  when  heating  process  was  effective. 

A*  discussed  earlier,  the  periods  of  effective  heating  will  likely  be  when  the  heater  frequency  is  dose  to  the 
MOF  for  the  path  from  Delano  to  Barksdale.  On  these  plots,  particular  attention  is  paid  to  those  those  somewhat 
brief  times  when  the  heating  frequency  approaches  the  MOF  for  the  somewhat  shorter  path  length  (2200  km) 
than  the  2400  km  from  Delano  to  Barksdale.  The  difference  between  the  MOF  and  the  heater  frequency  is 
displayed  in  these  figures  above  the  spectra. 


Using  both  the  reference  and  the  elevation  antennas,  separated  by  100  m  along  the  great  drde  path  from 
Delano  to  Barksdale,  we  measure  the  phase  difference  of  the  arriving  probe  signal  after  passing  through  the 
heated  area  and  reflecting  from  the  F-regkm  of  the  ionosphere.  The  elevation  angle  for  the  peak  of  the  several 
spectrally  resolved  components  Is  calculated  in  real  time  and  presented  with  the  central  portion  of  the  23 3  second 
coherently  integrated  spectrum.  Figure  7  shows  the  variation  of  the  elevation  angle  and  the  233  sec.  spectra  as  a 
function  of  time  during  the  31  January  1990  campaign  for  the  period  0633  UT  to  0719  UT.  The  heater  and  probe 
systems  operated  at  9.5  MHz  and  we  see  two  modes  interweaving  on  the  spectrum  with  a  systematic  frequency 
shift  06  to  1.0  Hz.  A  this  point  It  is  speculated  that  the  two  modes  are  the  tow  and  high  rays.  They  eventually 
merge  Just  before  that  frequency  drops  out  and  the  spectrum  Just  becomes  noisy  before  0719  UT.  The  elevation 
angle  variations  are  shown  below  the  spectrum  and  we  see  two  angles  associated  with  the  two  modes  on  the 
spectrum  (low  and  high  ray).  The  low  ray  elevation  angle  varies  around  18*  to  20“  while  the  high  ray  angles  are 
larger  approaching  305  when  the  skip  distance  is  relatively  far  from  Barksdale  and  merges  with  the  low  ray  angles 
as  the  skip  approaches  Barksdale  just  before  0719  UT. 

Dlgjsonde  Skvmaps 

The  Diglsonde  skymapt,  made  at  KLrt'znd,  under  the  heated  area  present  a  very  dynamic  view  of  the  F- 
reglon  of  the  ionosphere.  Figure  8  a  composite  of  42  skymaps  for  31  Jan.  1990  from  0502  to  0551  UT.  Typically  we 
see  a  strong  duster  of  sources  near  the  overhead  position  indicating  a  relatively  smooth  ionosphere  with  little 
tilting  The  pattern  of  sources  is  rapidly  changing  in  form  and  in  the  number  of  sources  seen  in  the  1  minute 
integration  time  for  each  mip.  A  plot  of  the  numbeT  of  sources  for  the  entire  31  Jan.  campaign  b  shown  in  Figure 
9.  Large  excursions  in  the  number  of  sources  occur  frequently  indicating  dynamic  activity  under  what  would 
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normally  t*  recognized  «(  quiet  conditions  with  little  or  no  tpreed-F.  These  variations  confirm  the  results  of  the  j 

spectrum  analysis  of  the  fading  of  the  signal  peak.  ■ 

Summary  and  Future  Plans 

I  i  • 

j  The  completed  operation  and  analysis  of  this  ’test*  experiment,  using  a  relatively  low  power  for  the 

I  disturbing  transmitter,  are  important  to  the  success  of  the  upcoming  full  power  campaigns  scheduled  for  *he 

.  i  Summer,  1W.  The  data  processing  for  these  experiments  has  been  designed  to  facilitate  the  detection  of  the 

j  heating  effects  in  a  straight  forward  manner.  The  dominance  at  the  lowest  frequencies  corresponding  to  the 

ubiquitous  short  period  AGW  activity  has  been  recognized  and  the  upcoming  campaigns  will  insure  that  the 
i  heating  effects  are  separated  sufficiently  from  this  "noise". 
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Figure  4.  Probe  end  heater  frequence*  aj  a  function  of  time  during  the  31  January  1990  campaign.  Twice  during 
the  night  we  *ee  the  MOF  pass  through  the  heater  frequency. 
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Rgure  5.  Simple  spectra  erf  the  peak  amplitude  fluctuations  at  adjacent  times  0436  UT  and  at  0448  UT. 
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Figure  7.  Time  variation  of  spectrum  of  signal  on  Reference  antenna  for  31  January  1990  from  0633  to  0719  UT. 
The  elevation  angle  is  plotted  for  the  strongest  spectrum  components. 


DISCUSSION 


1.  1.  JONES,  UX 

It  the  affects  a ra  this  nail,  do  wa  really  car*? 

AUTHOR'S  REPLY 

Yaa.  It  this  la  pralialnary  to  95  dBW  systasa  which  aay  ba  cowing  along,  than  I 
think  wa  ara  in  a  raglon  vhara  thing*  way  bacowa  wora  aariou*. 

W.  CORDON,  US 

Antenna  gain*  have  baan  ovaratatad  in  both  paper*  (IS  and  I14C)  by  3  or  4  dB.  1 
anaya  of  4  a  6  dlpolaa  if  operated  ylthout  loanee  will  glv*  waxiauw  gain  of  24  dB 
(Thl*  with  *10°  M  tranaaittara  glvas  ERP  of  S«  dOWJ , 

AUTHOR'S  REPLY 

Wa  have  taken  the  word  of  TCI  that  the  gain*  ara  a*  advertised.  Wllenakl  tl£U 
Trans. Brdcrt. .  14.  No.  2,  June  198S,  pp.  201-209)  clalwa  a  gain  of  10. «  dal  at  1.33 
tins*  the  design  cantar  frequency,  see  Table  III  of  tha  reference. 
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SUMMARY 

The  paper  describes  the  generation  of  cLF  signals  due  to  oblique  heating  of  the  auroral  ionosphere 
by  signals  from  ELF  modulated  LF/MF  radio  transmitters.  Apart  from  signals  of  natural  origin,  timing 
signals  (six  pips  which  occurred  on  the  hour)  were  received.  The  pips  of  frequency  1  kHz,  duration 
lOSms  and  field  strength  -0.1  pT  exhibit  a  favoured  source  location  -150  km  south-south-east  of 
Sodankyla.  The  pips  are  shown  to  occur  only  when  there  is  significant  local  magnetic  activity  and  when 
the  auroral  electrojet  is  enhanced.  The  originating  signals  are  demonstrated  to  be  of  Soviet  origin  and 
due  to  LF/MF  broadcast  transmitters  several  hundred  kilometres  away  from  the  ELF  source  location. 
Various  mechanisms  which  could  account  for  a  localised  generation  region  far  from  ihe  transmitters  are 
discussed.  The  favoured  mechanism  involves  in-phase  heating  due  to  two  or  more  transmitters. 

1  INTRODUCTION 

Eleven  years  ago  (14  March  to  4  April  1979),  close  to  the  peak  of  the  previous  sunspot  cycle,  a 
network  of  ELF/VLF  goniometer  (direction  finding)  receivers  was  operated  in  Northern  Scandinavia. 
These  receivers  were  designed  to  be  sensitive  to  whistlers  and  chorus  which  occur  in  these  frequency 
bands.  Apart  from  these  signals  of  natural  origin,  6  pips,  which  occurred  on  the  hour,  were  also  some¬ 
times  received.  The  pips  had  a  frequency  of  1  kHz  and  each  lasted  105  ms.  On  some  occasions 
distorted  music  was  heard  prior  to  the  pips. 

Turunen  et  al  (1980),  Cannon  (1982}  and  Cannon  et  al  (1982)  presented  evidence  that  these  pips 
were  propagating  ELF  signals  produced  by  a  nonlinear  demodulation  mechanism  in  the  auroral  E  and  D 
regions.  The  distorted  music  was  used  to  identify  the  signals  as  Soviet  LF  and  MF  .ransmissions  which 
couM  have  originated  from  a  number  of  stations.  Table  1  and  Fig  1  describe  the  most  powerful  of  these 
candidate  transmitters  within  a  1500  km  radius  of  Sodankyla.  Stubbe  and  Kopka  (1977)  and  Cannon 
etaf  (1982)  showed  that  the  ELF  field  strength  is  related  to  the  auroral  electrojet  current  density 
which  is  expected  to  be  statistically  higher  during  periods  of  high  geomagnetic  activity  (see  also  Barr 
and  Stubbe  (1984)).  Such  were  the  conditions  If  years  ago.  This  paper  reviews  the  phenomenon  of 
oblique  heating  of  the  auroral  ionosphere  as  identified  in  those  earlier  papers. 
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Tab!*  1 

Candidal*  tran*mltt*ra 


LF  transmitter 
Location 

Geographic  coordinates 
of  transmitter 

Power 

(kW) 

Frequency 

(kHz) 

Kaliningrad 

54*  45'N 

20*  30'E 

1000 

173 

Moscow 

55*  45'N 

37*  38'E 

500 

173 

Syktyvkar 

61*  41‘N 

50*  31'E 

300 

173 

Leningrad 

59*  59'N 

30*  21 ‘E 

1000 

236 

Moscow 

55*  45'N 

37*  08'E 

2000 

263 

Minsk 

53*  54'N 

27*  34'E 

500 

281 

Minsk 

53*  54'N 

27*  34'E 

tooo 

549 

Murmansk 

68*  58'N 

33*  56'E 

50 

857 

2  EXPERIMENTAL  CONFIGURATION 

Three  different  types  ol  equipment  wore  used  In  the  study.  Bullough  and  Sagredo  (1973)  describe 
the  ElF/VLF  goniometer  (direction  finding)  receivers  used  near  Sodankyla  (Finland),  near  Tromsd 
(Norway)  and  near  Arjeplog  (Sweden).  All  goniometor  receivers  operated  between  19  and  00  UT  ovor 
the  period  14  March  to  1  April  1979  Inclusive  and  from  20  to  OO  UT  on  2,  3  and  4  April  1979.  Addi¬ 
tional  scheduled  recordings  were  made  botwoen  11  and  16  UT  on  28  March  1979.  Outside  ot  these 
periods  each  station  operated  Independently  whenever  feasible.  Measurements  were  also  made  using  an 
ELF/VLF  receiver  designed  and  built  at  tho  Sodankyla  Geophysical  Observatory  and  using  a  separate  ELF 
receiver  (Cannon,  1981).  Pips  were  delected  on  all  three  types  of  Instruments,  but  not  on  every  hour. 
Noise  at  Arjeplog  Interfered  with  the  measurements  and  precluded  using  these  signals  for  detailed 
studies. 

Several  series  of  tests  were  carried  out  on  the  goniometer  system  to  establish  that  tho  ELF  pips 
were  not  the  result  of  demodulation  of  LF  or  MF  signals  within  the  receiving  system.  The  LF/MF  signal 
strength  was  estimated  and  173  kHz  signals  '50  dB  stronger  than  those  predicted  for  Sodankyla  were 
injected  through  a  dummy  ELF/VLF  antenna.  No  demodulated  output  at  1  kHz  was  noted. 

3  RESULTS 
Pip  occurrence 

Pips  were  found  to  occur  when  the  geomagnetic  activity  was  high,  but  not  when  it  was  low.  In 
Fig  2  the  number  of  occasions  that  pips  were  detected  at  either  Sodankyla  or  Tromsd  in  one  day  are 
shown  In  the  top  panel.  In  the  bottom  fjanel  tne  daily  sum  ol  the  eight  Sodankyla  indices  KHoz  are  given. 
There  is  a  strong  positive  correlation  between  pip  detection  and  geomagnetic  activity. 

Fig3  illustrates  the  number  of  times  on  each  hour  that  pips  were  recorded  at  either  Tromsd  or 
Sodankyla.  Tho  period  15  March  to  21  March  1979  has  not  been  Included  because  at  no  time  were  pips 
detected.  The  probability  of  hearing  pips  maximises  In  tho  evening  sector;  magnetic  midnight  at 
Sodankyla  occurs  at  -21 :30  UT. 

STARS  and  magnetometer  analyses 

Goniometer  measurements  described  below  place  the  pip  generation  regions  20  minutes  in  longi¬ 
tude  away  from  the  STARE  (Scandinavian  Twin  Auroral  Radar  Experiment)  VHF  coherent  radar 
(G.aenwald  eta/,  1978)  viewing  window.  The  STARE  window  covers  the  region  68*  to  72*N  and  14*  to 
23°E.  Notwithstanding  this  difference,  the  absence  or  detection  of  pips  has  been  plotted  on  a  compass 
projection  (Fig  4)  as  a  function  of  the  electrojet  direction  determined  by  STARE.  Each  point  is  the 
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visual  average  of  50  individual  vectors  within  the  window;  tho  orror  ban  indicate  the  variation  of 
vector  direction  within  the  window.  The  occurrence  of  the  pipe  show*  a  high  positive  correlation  with 
the  eastward  flowing  electrojot. 

Somewhat  simpilsticaity,  positive  bays  in  Sodankyta  and  Kiruna  (Sweden)  magnetometer  data  wore 
interpreted  as  indication  of  a  nearby  eastward  electrojet  (Rostoker  and  KIsabeth,  1873).  Similarly, 
negative  bays  were  interpreted  as  due  to  a  westward  system.  Pips  were  tcjnd  to  occur  during  both 
positive  and  negative  bays;  this  does  not  corroborate  the  findings  from  the  STARE  analysis,  where  the 
correlation  was  with  the  eastward  electrojet.  It  does,  however,  substantiate  the  view  that  s  strong 
•lectrojet  Is  needed  for  pip  generation. 

Pip  generetlon  regions 

When  the  pip  amplitude  was  high  the  goniometer  receivers  were  used  to  obtain  a  bearing  and  an 
error  on  the  source.  When  two  bearings  were  available  the  source  location  was  determined.  Fig  5 
shows  the  location  of  the  triangulated  source,  together  with  the  worst  case  envelope  of  standard  errors 
determined  from  all  bearings.  Ail  but  one  of  the  six  triangulated  source  regions  are  located  In  a  group  to 
the  south  of  Sodankyla. 

Field  strength 

The  mean  pip  field  strengths  were  determined  for  each  group  of  six  pips  (Fig  6).  Field  strengths 
at  Sodankyla  were  higher  than  those  at  Tromsd  •  in  agreement  with  the  direction  finding  measurements 
which  show  a  favoured  source  location  close  to  Sodankyla.  In  general,  on  one  night,  variations  of  field 
strength  observed  at  one  station  are  mimicked  by  the  other. 

4  REVIEW  OF  EXPERIMENTAL  RESULTS 

It  was  established  that  the  1  kHz  ELF  pips  received  by-three  goniometer  receivers  were  not  the 
result  of  nonlinear  demodulation  of  a  strong  broadcast  service  radio  signal  in  any  part  ot  the  receiving 
equipment  Two  other  instruments  also  received  the  pips,  tt  was  consequently  proposed  that  these  ELF 
pips  of  strength  0.1  pT  were  produced  by  nonlinear  ionospheric  demodulation  of  signals  from  one  or 
more  LF  and/or  MF  transmitters. 

Since  all  candidate  transmission  frequencies  are  <700  kHz,  the  Ionospheric  interaction  must  take 
place  in  the  D-region  or  lower  E-region. 

The  period  of  the  experiment  was  characterised  by  two  levels  of  local  geomagnetic  activity. 
During  the  period  14  to  21  March,  when  no  pipe  were  recorded,  the  daily  sum  of  die  Khdz  indices  at 
Sodankyla  varied  between  2  and  20.  From  22  March  to  4  April  the  corresponding  values  varied 
between  20  and  45  and,  with  the  exception  of  1  April,  pipe  were  recorded  each  day.  Pips  were,  there¬ 
fore,  only  recorded  when  the  high  latitude  magnetic  activity  was  high,  to  when  the  ionospheric  currents 
were  strong.  Analysis  of  STARE  and  magnetometer  data  corroborate  this  view. 

The  probability  of  pip  occurrence  wm  greatest  In  the  toes!  evening,  between  18  and  20  UT 
(around  22  MLT)  and,  on  •  number  of  occasions,  the  source  location  was  determined.  On  most  of  these 
occasions  they  fell  south-south-east  of  Sodankyla  at  a  distance  of  -150  km. 

5  INTERPRETATION 

Most  Ionospheric  heating  experiments  utilise  •  vertically  incident  wave  from  a  high  gain  antenna  in 
order  to  produce  a  localised  hot  spot  overhead.  The  cause  of  the  ELF  pips  has,  however,  been  identifisd 
as  LF/MF  transmitters  located  several  hundred  kilometres  distant  from  the  generation  region.  It  Is 
reasonable  to  suppose  that  tba  LF/MF  antennas  are  low  gain,  capacitively  loaded  verticals,  the  radiation 
pattern  of  which  will  be  vertically  polarised  and  omni-directional  in  azimuth.  The  main  lobe  may  be 
expected  to  occur  at  10  to  20  degrees  elevation.  Any  heating  mechanism  must,  therefore,  explain  how 
a  distant  localised  region  ot  the  ionosphere  could  be  heated  oreferentiaily  to  all  others.  Additionally,  any 
proposed  tiieory  must  explain  why  the  five  triangulated  pip  sources  were  approximately  co-tocated. 
Four  mechanisms  were  considered.  .  _ 
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Mechanism  &.<• 

In  this  model  consider  the  LF/MF  wave  propagating  from  the  eouth  end  Incident  directly  (no 
reflections)  upon  an  electrojet  flowing  essentially  east-wost  No  reflections  are  assumed.  Demodulation 
might  then  occur  on  !h8  southerly  odge  of  the  etectrojot,  whero  there  Is  adequate  current  flow  but  low 
radio  wave  absorption,  thus  al'owing  the  Incldont  wave  to  attain  the  electrcjet  altitude.  Primarily, 
however,  localisation  of  the  generation  area  will  be  In  latitude.  Localisation  In  longitude  will  only  occur 
as  the  result  of  the  fall  off  In  field  strength  with  distance.  Additionally,  the  distance  from  the  trans¬ 
mitter  to  each  elomont  of  the  eloctrojot  Is  different  from  that  of  the  neighbouring  elements.  Conse¬ 
quently,  each  element  will  be  out  of  phase  with  Its  neighbour  and  H  is  difficult  to  visualised  how  a 
localised,  and  coherent,  Ionospheric  radiator  could  be  formed. 

Mechanism  two 

In  this  mechanism  (Fig  7)  a  single  transmitter  Is  also  considered,  but  the  possibility  of  waves 
multiply  reflected  from  the  ground  Is  considored.  In  certain  regions  the  periodic  healing  effect  of  a 
wave  having  sufforod  m  reflections  may  be  In  phase  with  the  periodic  heating  of  a  wave  having 
suffered  n  reflections  (n  *  m).  In  a  homogeneous  Ionosphere,  with  planar  geometry,  a  pattern  of 
healed  rings  (hot  rings)  concentric  with  the  transmitter  would  result.  Localised  demodulation  would  be 
expected  to  occur  where  the  eleetrojet  and  the  hot  rings  overlap.  Demodulation  would  be  forbidden 
within  a  cold  ring. 

Mechanism  throe 

For  the  third  mechanism  (Fig  8)  two  transmitters  aro  considered  such  thut  the  modulated  signal  is 
broadcast  wllh  some  constant  phase  difference  which  could  be  zero.  This  is  the  same  situation  that  per¬ 
tains  In  hyperbolic  navigation  systems.  Lines  defining  equal  phase  wilt  occur.  A  localised  demodulation 
region  will  exist  where  a  hot  strip,  due  to  In-phase  heating,  overlaps  the  eleetrojet. 

Mechanism  tour 

If  three  or  more  phased  transmitters  exist,  then  a  set  of  hot  spots  wtlt  occur  where  the  signals 
from  all  the  transmitters  are  in  phase  (Fig  9).  A  fixed  demodulation  region  is  now  defined  by  the 
crossing  of  one  of  those  hot  spots  by  the  etectrojot.  Only  a  finite  number  of  locations  now  exist,  in  con¬ 
trast  to  mechanisms  two  or  throe. 

Mechanisms  three  and  four  do  not  require  that  the  transmitters  use  the  same  carrier  frequency  or 
have  the  same  carrier  phase  -  only  the  modulation  frequency  needs  to  be  phased.  It  is  reasonable  to 
suppose  that  this  Is  so  for  the  transmission  of  timing  pips.  It  is  Important  however,  for  a  mechanism 
Involving  several  transmission  frequencies  that  the  transmitters  are  not  greatly  separated  in  frequency. 
Otherwise  their  reflection  and  Interaction  with  the  ionosphere  may  take  place  al  different  altitudos  and 
their  effects  cannot  be  aggregated. 

6  DETERMINATION  OF  MECHANISM 

The  mean  distance  of  each  generation  region  from  the  principal  LF/MF  Soviet  transmitters,  within 
1500  km  of  Sodankyla,  are  given  in  Table  2.  The  mean  generation  to  transmitter  distances  d,  •  d6 
are  also  given.  Evidently,  dj-da'dj-dg  which  suggests  generation  via  mechanisms  three  or  four.  The 
Syktyvkar  transmitter  (d6)  Is,  however,  of  lower  output  power  than  the  others  under  consideration. 
The  analysis  of  variance  and  Fisher's  F-distribution  were  used  to  determine  the  probability  that  the 
various  distances  could  be  considered  lo  be  samples  of  Ihe  same  population,  ie  represent  estimates  of 
the  tame  mean  distance.  The  transmission  schedule  on  173  kHz  best  fils  the  detection  of  pips  and  the 
above  tout  was  applied  lo  the  transmissions  from  Kaliningrad  and  Moscow  This  showed  that  as  large  a 
difference  as  30  km  (d^dj)  would  occur  with  a  probability  of  p»0.4.  This  discrepancy  Is  hardly 
significant,  lending  support  to  mechanism  three.  If  the  powerful  transmitters  at  Mnsk  are  also  included 
Ihen  the  probability  reduces  to  p  ■  0.2 .  We  conclude  from  this  that  a  type  four  mechanism  is  less 
probable  than  a  type  three  mechanism;  however,  its  probability  Is  far  from  IrtsignificanL 
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Table  2 

Transmitter  to  generation  region  etstlstlee 


Transmitter 

Kallnllngrad 

Moscow 

Minsk 

Leningrad 

Murmansk 

Syktyvkar 

Transmitter 
frequencies 
and  powers 

173  kHz 
1000  kW 

173  kHz 
500  kW 

263  kHz 
2000  kW 

281  kHz 
500  kW 

549  kHz 
1000  KW 

236  kHz 
1000  kW 

657  kHz 
150  KW 

173  kHz 

300  kW 

Date  Time 
(UT> 

Mean  distance  from  transmitter  to  crossing  point,  on  each  day 
_ _ (km) _ 

22.3.79  19 

1309 

1279 

1351 

697 

409 

1238 

26.3.79  19 

1302 

1260 

1347 

695 

418 

1245 

27.3.79  20 

1350 

1321 

1397 

743 

377 

1256 

29.3.79  22 

1608 

1736 

1743 

1136 

521 

1616 

31.3.79  19 

1260 

1214 

1284 

630 

458 

1212 

31.3  79  20 

1403 

1380 

1457 

805 

345 

1284 

Mean 

di «• 

d2- 

ds- 

d4- 

ds- 

ds  * 

distance 
to  each 
transmitter 
_ 1*22} _ 

1325  ±  54 

1295  ±  61 

1367  ±  64 

714  ±  65 

401  ±  43 

1247  ±  26 

29.3.79  was  omitted  in  the  determination  of  each  mean 


7  CONCLUSIONS 

In  this  paper  wa  have  reviewed  data  which  lead  us  to  believe  that  Soviet  LF  and  MF  broadcast 
transmissions  were  demodulated  In  the  high  latitude  Ionosphere  and  that  re-radiation  took  place  at 
t  kHz.  The  transmissions  on  173  kHz  were  identified  as  the  most  Ekely  candidates.  Further  experi¬ 
ments  are  required  lo  investigate  fully  this  chance  discovery,  and  it  may  be  that  the  phenomenon  could 
provide  a  cheap  hourly  measure  of  the  electrojet  latitude  over  Finland. 
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DISCUSSION 


».  wrrviLO,  no 

Did  you  examine  ST ARE  data  to  see  whether  there  war#  enhanced  alactric  fialda  In  the 
ration*  you  daducad  the  sources  to  ba? 

AUTHOR'S  REPLY 

Ma  did  examine  STARE  data  and  found  that  pips  vara  generated  during  periods  vhan  tha 
alactrojat  flowed  eastward  rather  than  westward.  STARE  waa  unfortunately  nor 
operational  over  the  whole  of  tha  experimental  period.  Additionally,  wa  vust 
remember  that  tha  STARE  window  lias  several  degrees  to  tha  vast  of  tha  favored  pip 
generation  region. 

R.  BAM,  UK 

Z  was  vary  impressed  with  this  work  when  it  first  appeared  in  JATP,  so  such  so  that 
Z  have  undertaken  an  extension  of  your  experiment  in  Lindau,  FRG.  I  sa  cross 
correlat  •.  eg  tha  audio  modulation  signal  from  a  series  of  povarful  HP  broadcast 
transmitters  with  the  VL ?  signal,  assused  to  ba  cooing  free  the  Ionosphere.  1  can 
see  clear  correlations  at  non  saro  time  lag  which  support  your  claims  of  a  raal 
ionospheric  affect  rather  than  an  squlpsent  nonlinearity.  I  ahould  also  point  out 
that  at  Lindau  tha  electric  field  is  probably  an  ordar  of  nagnltude  saallar  than 
during  your  experiments . 

AUTHOR'S  REPLY 

X  am  extremely  plaasad  that  you  ara  pursuing  furthar  investigations  into  this 
phenomenon  and  I  look  forward  to  seeing  your  results. 

D.  S.  IRAN,  US 

I  appreciated  your  comments  concerning  LF/MF  heating  being  possibly  more  efficient 
than  Hr,  especially  in  view  of  our  new  results  concerning  D-region  heating  produced 
by  VLF  (30  kHz)  that  is  published  in  this  month's  CRL.  Did  you  have  any  D-region 
diagnostics  (such  ss  VLF)  durino  your  experiments? 

AUTHOR'S  REPLY 

No,  we  didn't.  This  phenomenon  was  discovered  by  chance  with  an  instrumentation  set 
designed  for  other  purposes  and  no  D-region  measurement  facilities  were  specifically 
deployed  in  association  with  the  experiment.  We  were  able,  however,  to  utilize  the 
Finnish  meridional  chain  of  rioneters  which  provided  us  with  much  useful  information. 
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Abstract 

This  paper  describes  theoretical  and  experimental  research  on  the  creation, 
maintenance,  and  control  of  artificial  layers  of  Ionization  In  the  50-90  km  altitude 
range.  The  focus  of  the  research  Is  to  assess  the  potential  for  exploiting  such  so-called 
■artificial  ionospheric  mirrors*  (AIM)  as  soatterera  of  radio  waves  to  distances  well 
beyond  llne-of-alght. 

The  AIM  concept  Is  discussed  In  terms  of  a  specific  technical  approach,  the  use  of 
ground-based,  very  high  power,  RF  waves  to  breakdown  the  atmosphere.  The  concept  is 
described  In  terms  of  RF  requirements  to  produce  breakdown,  electron  production  and 
losses,  resultant  Ionization  densities,  and  their  lifetimes.  In  addition.  Issues 
concerning  the  RF  reflection  properties  of  artificial  patches  of  Ionization  In  the 
atmosphere  are  considered,  and  the  potential  of  exploiting  the  AIM  concept  for  practical 
applications  is  Introduced. 


1.  INTRODUCTION 

The  concept  of  the  Artificial  Ionospheric  Mirror  (AIM)  Involves  the  use  of  a 
ground-based  radio  frequency  haater  to  create  localized  patches  of  Ionization  ("mirrors") 
in  the  atmosphere,  which  could  be  used  as  reflectors  of  radio  signals  for  over-the-horizon 
(OTH)  communication  or  radar  purposes.  The  concept  Is  revolutionary  In  that,  rather  than 
working  within  the  limitations  Imposed  on  conventional  systems  by  the  natural  ionosphere, 
It  envisions  seizing  direct  control  of  the  propagation  environment  to  Insure  that  It  has 
the  electromagnetic  wave  ref lection/scattering  properties  required  to  achieve  a  desired 
system  capability.  Many  issues  associated  with  the  concept  have  already  been  defined  and 
Investigated,  via  theoretical  research  and  laboratory  chamber  experiments.  In  both  the 
United  States  and  the  Soviet  Union. 

The  basic  premise  for  the  concept  depends  on  the  fact  that  when  free  electrons  are 
Immersed  In  an  Imposed  electric  field  they  accelerate.  I r  the  electric  field  is  strong 
enough,  or  If  the  electrons  can  accelerate  for  a  sufficiently  long  time,  the  electron 
velocities  can  become  large  enough  that  subsequent  collisions  with  neutral  particles 
Involve  energies  exceeding  the  neutral's  Ionizing  potential,  the  j  producing  additional 
free  electrons.  If  the  resultant  electron  production  rate  exceeds  the  loss  rate,  the  net 
electron  density  Increases,  l.e.,  artificial  Ionization  bullds-up. 


2.  AIM  GENERATION  B7  CROSSED  AND  FOCUSSED  BEAKS 

A  serious  problem  that  can  limit  the  production  of  artificial  ionization  In  tne 
atmosphere  Is  self-absorption  of  the  powerful  radio  wave  pulses  used  to  produce  the 
Ionization.  This  effect  (oftoi  referred  to  as  "tall-eroslon”)  Is  produced  by  ionization 
that  is  formed  along  the  pulse  propagation  path,  especially  at  heights  below  where  the 
desired  layer  of  Ionization  la  Intended  to  be  produced.  In  order  io  avoid  such  self- 
absorptlon  effects,  two  basic  approaches  have  '  ; e r.  receiving  attention  in  recent  research 
efforts;  crossed  radio  beams  and  focussed  beams. 

2.1.  Crossed-Beam  Approach  c  '  e 

The  croaaed-beam  approacn  (Figure  la)  has  been  pioneered  by  the  Soviets  since  the 
late  1970's,  as  described  lr  the  seminal  papers  by  Gurevich  (1979)  and  Borisov  and 
Gurevich  (1980).  The  approach  Is  simple;  Instead  of  using  discrete,  powerful  radio  wave 
pulses,  dual  multiple-pulse  beams  are  proposed.  Only  in  the  Intersecting  region  of  the 
croased-beams  are  the  field-strengths  sufficient  to  produce  ionization.  Thus  (In  theory), 
the  location  and  height  of  the  region  of  artificially  produced  Ionization  can  be  precisely 
controlled.  *  1 
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In  the  crossed-beao  approach  the  electric  fields  of  the  two  beaas  interfere  In  the 
region  where  they  Intersect;  and,  since  the  lonlz;  tipn  rate  depends  very  strongly  on  the 
electric  field  strength,  the  ionization  produced  In  the  intersecting  region  is  intense 
where  the  beaas  interfere  constructively  ar.d  weak  where  they  interfere  destructively. 
The  lonlxation  pattern  In  the  Intersecting  region  is  Illustrated  by  the  dark  bands  in 
Figure  lb,  where  it  is  assumed  that  two  beams  of  width  A  and  wavelength  A  Intersect  at 
an  angle  i*.  "he  ionization  bands  are  much  thinner  (approx.  Q.2X/J )  than  the  spaces 
between  the  t  .ids  (approx.  2A/f) ,  because  substantial  ionization  Is  produced  only  near 
the  peaks  of  the  constructive  Interference  pattern. 

In  addition  to  theoretical  work  on  the  crosseci-beaa  approach,  extenslvs  laboratory 
chamber  experiment*  have  been  conducted  in  the  Soviet  Union  and  the  United  States  to 
Investigate  various  characteristics  of  such  artificially  produced  Ionization.  One  such 
example  from  the  Soviet  literature  (Vikharev  et  al.f  1984)  is  illustrated  In  Plgure  2. 
which  shows  that  the  structure  of  the  Ionization  produced  in  the  bearu  Intersection  region 
depends  greatly  on  atoosphoric  pressure,  l.e.,  on  the  altitude  at  which  the  AIK  layer  Is 
tc  be  produced.  Such  "altitude"  issues  are  further  discussed  later  in  this  paper. 

2.2.  Pocussed  Beam  Approach 

The  use  of  a  focussed  antenna  array  (Figure  3).  tc  control  the  location  and  altitude 
of  artificially  pro  .uced  Ionization  In  the  atmosphere,  has  been  the  subject  of  theoretical 
and  numerical  research  efforts  In  the  Unitea  States.  In  contrast  to  an  unfocussed  array, 
for  which  the  power  density  profile  from  the  heater  falls  off  as  ft’2  witn  altitude 
(thereby  ravorlng  ionization  at  lower  heights),  a  focussed  array  can  produce  a  power 
density  pi  of  lie  which  peaks  sharply  at  a  desired  altitude.  To  what  dogree  this  can  be 
accomplished  is  Illustrated  In  Plgure  *,  which  Illustrates  the  vertical  pattern  of  a  300 
MHz  array  whose  elements  have  been  phased  for  focussing  at  70  km.  The  array  has  200,000 
elements  and  a  total  width  and  length  of  2000  wavelengths.  The  peak  of  the  pattern  equals 
that  of  the  R’2  dependence.  As  shown  later,  the  very  sharp  rise  In  the  electric  field 
at  lie  ionization  altitude  creates  a  high  pea*  density  and  steep  density  gradients,  which 
are  attractive  in  terms  of  radio  wave  reflection  issues. 

Whatever  approach  Is  taken  to  produce  artificial  layers  of  ionization  lr.  the 
atmosphere,  there  are  many  technical  and  practical  Issues  associated  with  the  AIK  concept, 
p'-r  example,  what  are  the  heater  power  requirements,  how  to  they  vary  with  heater 
frequency  end  the  desired  altitude  of  the  patches,  what  are  ths  resultant  electron 
densities,  what  are  the  obtainable  patch  sizes,  lifetimes,  and  radi’  wave  reflection 
properties,  etc.  Theoretical  and  experimental  investigations  of  many  of  these  Issues, 
being  conducted  In  the  United  Staten  and  the  Soviet  Union,  have  not  uncovered  any  physics 
■show-stoppers"  to  undermine  th©  basic  concept.  Nevertheless,  mere  research  Is  needed 
to  properly  assess  Its  overall  viability  in  terms  of  realistic  communlrcr Ion  and/or  radar 
system  applications. 


3.  AIK  HEATER  POWER  REQUIREMENTS 

In  the  scientific  literature  •‘here  seek?  to  be  no  unique  definition  of  *br sakdown". 
For  example,  Gurevich’s  (op.clt.)  definition  essentially  rerers  to  the  case  when  electrons 
•re  produced  oy  the  incident  wave  faster  than  they  go  away  via  attachment  On  ‘he  other 
band,  most  laboratory  chamber  experiments  define  breakdown  to  occur  when  the  Incl jent  wave 
is  reflected  from  the  lor.lzatien  It  has  created;  i.e.,  the  breakdown  field  is  defined  to 
be  -hat  which  causes  the  plasma  frequency  to  become  equal  to  the  wave  frequency  during 
the  breakdown  pulse's  lifetime.  Whatever  the  definition  used,  however,  tne  power 
requirements  to  produce  artificial  Ionization  in  the  atmosphere  from  ground-based  heaters 
•  re  very  large-  For  example,  in  his  theoretical  treatment  of  the  physics  of  RP  breakdown 
of  the  atmosphere.  Gurevich  (op.clt.)  Illustrates  that  two-crossed  1  GHz  beams,  from  11 
gigawatt  (peak-power)  transmitters  using  100  m  diameter  antennas,  could  produce  sufficient 
ionization  at  50  km  altitude  to  reflect  a  300  MHz  signal.  In  a  later  cheor*;tlcal  paper, 
Novikov  and  Sergelchev  (1982)  used  focussed  5  GHz  crossed-  beams  to  produce  sufficient 
ionization  at  70  km  to  reflect  a  1  GHz  signal.  In  their  case,  "only"  100  KW  peak-power 
was  required  for  each  transmitter,  but  *00  m  diameter  antennas  were  specified. 

Ft.*  illustrative  purposes,  It  la  of  Interest  to  cast  the  Issue  In  terms  of  the 
effective-radlated-power  (ERP)  required  of  a  heater  to  produce  a  deslrsd  electron  density 
at  a  given  altitude.  Figure  5  does  this  for  a  specific  set  of  parameters,  assuming  a 
focussed-array  approach  Is  used  (sc^  Section  2.2)  to  produce  the  Ionization.  Shown  are 
the  ERPs  required  to  produce  1.6  x  10*  eleetrons/cm*  in  10  **sec,  as  a  function  of  heater 
frequency  and  altitude.  ' 

Although  the  curves  show  that  for  a  given  fltltude,  the  ERP  requlrnrenta  decrease 
with  decreasing  heater  frequency,  practical  considerations  =«;•  force  th*.  use  of  much 
higher  heater  frequencies  to  exploit  the  AIM  concept.  For  example,  for  70  xm  altitude, 
the  ERP  required  for  a  30  KHz  heater  Is  about  1 38  dBU,  while  the  ERP  required  for  a  300 
MHz  header  Is  about  153  dBW,  15  dB  more.  Nevertheless,  the  use  of  a  300  KHz  heater  may 
be  much  ao.-e  practical  th^n  the  use  of  a  30  MHz  heater.  For  example,  even  assuming  an 
antenna  gain  of  30  dB  at  30  MHz  (no  small  achievement  itself),  a  peak  transmitter  power 
of  108  dBW  would  still  be  required  to  produce  the  desired  ionization.  To  put  this  in  some 
perspective,  it  should  be  noted  that  60  dBW  peak  powers  are  considered  very  large  for  HF 
systems  today.  At  300  MHz,  however,  antenna  gains  of  60  dB  or  more  can  be  achieved  using 
large  arrays,  thus  leaving  a  peak  power  requirement  of  about  80  dBW  (100  MW)  to  be 
realized.  Although  thlo  peak  power  is  still  large,  the  average  power  requirements  for 


•  communication  or  radar  system  nay  b<s  more  on  the  ordor  of  1-10  MW  and  thus  tolerable. 
In  a  like  manner,  even  larger  antenna  gains  are  achievable  at  higher  microwave 
frequencies;  and,  although  the  corresponding  peak  power  requirements  to  achieve  breakdown 
at  those  freqienoles  are  very  large,  ongoing  advances  in  high  power  microwave  source 
development  may  lead  to  practical  possibilities  In  aohlevlng  them  In  the  foreseeable 
future. 

.  i  . 

AIM  PLASMA  FORMATION 

Numerical  studies  have  been  made  of  the  microwave  breakdown  of  air  through  avalanche 
Ionization  for  both  the  crossed-  and  focussed-beao  approaches  discussed  above.  The  result 
of  one  such  simulation,  for  a  focussed  beam,  Is  Illustrated  in  Figure  6.  In  the  example 
a  300  KHz  heater  with  an  ERF  of  156  JB'J  was  assumed  to  be  Initially  focussed  at  71  km 
altitude,  and  the  formation  of  a  ona-dimenslonal  Ionization  profile,  made  by  a  10>tsec 
pulse,  was  calculated.  The  result  Illustrates  a  long  pulse  effect,  (termed  'clamping*) 
that  Increases  the  gradient  of  the  Ionization  layer. 

To  describe  the  phenomenon,  it  Is  useful  to  first  define  a  critical  power  density, 
S-,  as  the  value  at  which  ionization  can  first  occur  at  a  particular  altitude.  As  the 
long  pulse  propagates  upwards  lr,  the  atmosphere  and  Ionization  takes  place, 
self-absorption  of  the  pulse  decreases  the  field  strength  in  the  pulse.  Moreover,  the 
areas  with  the  highest  induced  electron  density  will  absorb  more  of  the  pulse. 
Eventually,  the  area  of  peak  ionization  will  absorb  so  much  of  the  pulse  that  the 
remaining  power  density  will  fall  below  S-.  At  this  point,  further  Ionization  oan  only 
occur  below  and  In  front  of  the  point  of  pfcak  electron  density.  This  moves  the  electron 
density  peak  down  vertically  with  time,  bringing  It  closer  to  the  point  where  the 
unattenuated  power  density  Is  S,,.  Figure  6  shows  the  formation  of  a  one-dimensional 
profile  made  by  the  10  usee  pulde,  at  1.5  /nsec  time  samples.  Also  Illustrated  In  the 
Figure  is  the  reduction  In  heater  power  density  as  the  newly  created  electrons  absorb  the 
incident  field.  Examination  of  the  Figure  shows  thst  for  this  case  S-  Is  approximately 
<2  dBV/mz.  Moreover,  when  the  power  density  has  attenuated  below  that  value,  at  about 
70.5  km,  ".here  Is  no  further  Ionization  at  that  altitude. 

The  gradient  of  the  electron  density  profile  Is  dependent  on  the  slope  of  the  heater 
antenna's  array  factor  near  the  Initial  breakdown  point  and  the  heater  frequency.  A 
steeper  slope  in  power  density  creates  a  corresponding  sharper  electron  density  gradient 
along  with  a  higher  peak  In  the  electron  density  profile.  Parametric  studies  show  a 
linear  dependence  between  the  power  density  slope  and  the  resulting  electron  density 
slope.  Since  self-absorption  or  attenuation  goes  down  as  the  heater  frequency  Is 
lnoreaaed,  a  higher  frequency  will  produce  1  greater  electron  density  before  the  clamping 
phenomenon  occurs  and  a  steeper  gradient  as  well.  As  shown  later,  such  large  gradients 
are  attractive  In  that  they  help  to  reduce  the  absorption  of  communication  or  radar  waves 
reflecting  off  AIM  layers. 


5.  AIM  ALTITUDE  CONSIDERATIONS 

There  are  many  trade-offs  to  be  considered  In  choosing  the  altitude  for  an  artificial 
Ionospheric  mirror.  In  addition  to  the  heater  power  requirements  outlined  above.  Issues 
associated  with  the  lifetime,  stability  and  radio  wave  reflection  and  absorption 
properties  of  the  Ionization  must  also  be  considered.  Potential  communication  and/or 
radar  system  Issues  may  lmpaot  significantly  on  such  considerations,  as  well.  Most  Soviet 
and  U.S.  AIM  research  have  concentrated  on  Issues  associated  with  Ionization  produced  In 
the  50-90  km  altitude  range,  for  the  reasons  outlined  below. 


5.1.  AIN  Lifetime  Issues 

At  50  km,  since  the  electron  densities  that  can  be  practically  created  are  many 
orders  of  magnitude  less  than  the  neutral  density,  the  formation  ai.d  evolution  of  the 
ionization  layers  are  not  expected  to  be  subject  to  the  dynamic  motions  and  plasma 
Instabilities  often  encountered  In  plasma  physics.  The  very  high  electron-neutral 
collision  frequencies  at  the  lover  altitudes,  however,  result  In  very  short  electron 
lifetimes  owing  to  attachment  processes.  Above  about  85  km,  the  electron  lifetimes  are 
much  longer  but  the  diffusion  of  electrons  out  of  the  wanted  region  of  Ionization  may 
become  important,  and  the  potential  for  triggering  the  deleterious  plasma  motions  and 
instabilities  mentioned  above  greatly  Increases. 

Regardless  of  altitude,  one  way  to  insure  sufficient  AIM  lifetimes  is  to  develop 
techniques  to  'maintain*  the  Ionization.  One  possible  approach  Is  illustrated  in  Figure 
7,  which  diagrams  the  establishment  and  maintenance  or  a  layer  of  ionization  that  always 
exceeds  a  minimum  density  N,,-,,,  which  corresponds  to  some  desired  plasma  frequency.  For 
purposes  of  discussion,  thi  Amplitudes  of  the  Ionizing  pulses  are  kept  at  a  constant 
level.  The  first  pulse — the  "establishment"  pulse — Is  maintained  for  a  time  s'—,  during 
which  the  ionization  is  raised  from  its  ambient  density  N.  to  a  value  NM.„,  whren  exceeds 
somewhat  ths  required  plasma  density  N„T),.  After  the  establishment  pursi  Is  turned  off, 
the  density  drops  in  a  time  y-  from  Njlv  to  NMT„,  at  whloh  point  a  "maintenance"  pulae 
is  turned  on  fer  the  time  f  heeded  ctTAgaln  'achieve  the  density  N,,,-.  That  oyole  of 
ionization  and  deionization  Ts  repeated  to  maintain  the  layer.  The  aa'ftmlzatlon  time  qr- 
Is  usually  much  longer  than  the  maintenance  pulse  width  f  ,  so  the  duty  fraction  can  be 
very  small,  and  the  average  power  can  be  much  less  than  the  peak  power. 
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Depending  on  application,  It  nay  not  be  necessary  to  •maintain"  the  AIM  Ionization 
at  all;  l.e.,  the  natural  lifetime  of  the  AIM  Ionization  may  be  sufficient  that  the  mirror 
can  be  used  cs  a  radio  wave  reflector  while  the  heater  is  turned  off.  For  example.  It 
la  estimated  from  LeLevler  {196*0  that  electron  lifetimes  at  altitudes  abcve  about  70  km 
should  be  greater  than  0.5  seconds,  which  la  sufficient  time  for  a  number  of  communication 
end/or  radar  applications.  The  possibility  of  using  AIM  ionization  as  a  radio  wave 
raf lector  while  the  heater  is  off  also  has  Important  implications  in  terms  of  signal 
absorption  Issues,  as  discussed  bolow. 

5.2.  AIM  Absorption  Issues 

To  Illustrate  the  nature  of  the  absorption  losses  associated  with  HP/VHP  reflection 
from  AIM  layers,  reflection  coefficients  were  computed  using  so-called  Epstein  profiles 
to  represent  derlvad  AIM  profiles.  The  Epstelr.  profiles  used  for  the  reflection 
coefficient  calculations  are  Illustrated  in  Plguros  6a  and  6b,  along  with  the 
physically-derived  AIM  profiles  they  approximate.  The  uso  of  the  Epstein  profile*  is  a 
convenience  in  that  closod  mathematical  expressions  can  be  derived  for  their  reflection 
coefficients,  as  described  in  Budden  (1961).  Pigure  9  summarizes  the  results  of  the 
reflection  coefficient  calculations,  and  illustrate  dramatically  the  Importance  of  having 
the  AIM  layers  at  relatively  high  altitudes.  Por  example,  Pigure  9a  shows  that  for  AIM 
layers  centered  at  61  km  (heater  beam  off},  the  reflectivity  la  extremely  poor;  while  for 
layera  centered  at  72.5  km  and  60  km  the  reflection  losses  are  substantially  less,  as 
shown  In  Pigure  9b  and  Pigure  9c,  respectively.  In  the  latter  case,  the  losses  are  really 
quite  small,  especially  at  the  more  grazing  Incidence  angles. 

Pigure  10  shows  reflection  coefficients  for  heater  beam-off  and  beao-on  conditions 
for  the  layers  of  Pigure  8b,  centered  at  altitudes  of  72.5  ko  and  90  kc.  As  the  graphs 
illustrate,  leaving  the  heater  beam  on  has  a  devastating  effect  on  reflectivity,  even  at 
an  altitude  of  90  km.  This  Is  due  to  a  very  largo  (factor  or  35  or  more)  Increase  In  the 
electron-neutral  collision  frequency  compared  to  beam-off  (ambient)  conditions  (Borisov 
et  el. ,  1988). 

Other  Investigations  indicate  that.  In  rrder  to  further  minimize  signal  absorption 
when  AIM  layers  are  used  to  reflect  radio  waves,  it  Is  important  that  the  heater  be 
capable  of  producing  regions  of  Ionization  whose  "depth**  (i.e.,  the  distance  over  which 
the  plasma  frequency  changes  Trom  ambient  to  a  sufficient  level  to  reflect  the  Incident 
wave)  la  short.  In  general  the  depth  should  be  less  than  about  20-30  signal  wavelengths, 
and  the  layers  should  be  created  at  altitudes  where  the  electron-neutral  collision 
frequency  Is  very  small  compared  to  the  signal  frequency.  In  addition,  as  shown  above, 
it  is  also  very  important  to  be  able  to  use  the  AIM  layers  as  reflectors  while  the  heater 
is  off,  to  avoid  catastrophic  absorpt'.on  losses. 

As  a  rasult  of  such  considerations,  AIM  layers  should  be  centered  In  the  70-80  km 
altitude  range  In  order  to  be  useful  for  practical  communication  or  radar  applications. 
Even  so,  there  are  other  issues  that  must  also  be  resolved  before  the  viability  of  the 
AIK  concept  can  be  fully  Investigated.  Many  of  these  have  to  do  with  factors  which  affect 
the  structure  and  stability  of  the  AIM  layers,  such  as  those  associated  with  techniques 
to  enlarge  and  shape  AIM  layera  and  by  the  effects  of  winds  and  shears  on  the  resultant 
Ionization. 


6.  ENLARGING  AND  SHAPING  AIM  LAYERS 

Because  of  the  very  high  ERPs  that  would  be  required  to  create  AIM  layers  using  a 
ground-based  heater,  it  is  certain  that  the  heater  antenna(s)  would  necessarily  have  very 
large  gains.  As  such,  the  initial  AIM  patch  would  be  very  small,  most  likely  much  smaller 
than  the  size  needed  to  reflect  RP  beams.  Pox  example ,  an  AIM  patch  at  about  60  km 
altitude  would  need  to  have  a  diameter  of  the  order  of  1  km  to  efficiently  realrect  an 
RP  signal  with  a  beamwldth  of  1°. 

The  possibility  of  enlarging  or  "painting"  an  AIM  patch  arises  out  of  the  very  low 
duty  fraction  required  of  a  heater  (crossed-  beams  or  focussed  array)  to  produce* 
ionization  at  practical  altitudes.  For  crossed-beams  it  is  possible  by  slewing  the  beams 
to  synthesize  s  mirror  much  larger  than  the  beam  diameter.  The  scheme  Is  analogous  to 
the  raster  used  to  synthesize  television  pictures.  The  layered  structure  produced  by  the 
erosa-beam  approach  (see  Figure  1)  has  prompted  suggestions  that  Bragg  reflection  might 
enhance  its  effectiveness  as  a  radio  wave  reflector.  Although  possible  in  principle,  the 
practical  problem  of  keeping  the  ionized  layers  parallel,  especially  if  scanning  beams 
are  used  to  enlarge  the  ionization  region,  may  be  a  formidable  task.  In  addition,  if  the 
layers  ara  produced  and  enlarged  by  antermas  that  have  a  limited  capacity  for  movement, 
the  foot-print  of  the  RP  reflections  may  be  unduly  restricted,  much  like  those  associated 
with  RF  reflections  from  meteor  trails.  Depending  on  the  application,  such  restricted 
scattering  may  limit  the  usefulness  of  such  AIM-baaed  systems. 

Enlarging  an  AIN  patch  size  by  electronically  scanning  a  focussed  bean  beater  array 
bat  inherent  advantages  over  crossed-  beam  approaches.  Numerical  simulations  show,  for 
example,  that  by  scanning  such  an  array  over  about  a  1  degree  arc,  and  by  Increasing  Its 
frequency  slightly  throughout  the  scan  (thereby  effectively  moving  the  focus  of  the 
antenna  up)  an  ionization  layer  can  be  produced  having  a  length  of  about  l  ka  and  a  tilt 
of  about  45  degrees.  Thus,  in  concept,  it  should  be  possible  to  produce  a  very  large 
"tilted"  mirror  by  scanning  the  array  both  horizontally  and  laterally  as  depicted  in 
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Figure  11.  Figure  12  shoes  the  results  of  a  simulation  of  this  "frequency  chirping" 
approach  In  the  horizontal  direction  for  the  300  KHz  array  having  an  ERP  of  156  dBW  that 
was  discussed  earlier  In  conjunction  with  Figure  6.  In  Figure  12,  the  heater  Is  Initially 
focussed  at  70  km  uslhg  a  frequency  of  300  KKz.  Then,  as  the  heater  frequency  is 
Increased  to  310  KHz,  the  location  of  the  peak  moves  to  approximately  71  km.  Studios 
Indicate  that  a  full  1  km  x  1  km  patch  could  be  achieved  by  the  technique  In  about  100 
Billiseconds.  Similar  mirrors  could  be  made  in  any  direction,  l.e.,  over  a  full  360 
degree  region  above  the  focussed  array  using  the  approach.  Such  a  capability  makes  it 
especially  attractive  for  large  area  communication  or  radar  coverage. 

The  conoept  of  "painting*  an  AIM  patch  to  control  Its  size  and  electron  density 
profile  (end  hence  Its  RF  reflection  properties)  Is  a  very  Important  one,  which  requires 
further  Investigation.  It  la  certain  that  such  painting  will  be  needed  If  practical 
applications  of  the  AIK  concept  are  to  be  realized.  There  appears  to  toe  a  number  of 
painting  techniques  for  generating  artificial  layers  of  Ionization,  depending  on  such 
factors  cs  beam  step-size,  dwell-tlmes,  pulse  lengths,  peak  power,  single-or-multiple 
scans,  ate.  To  date,  howe,er,  relatively  few  comprehensive  numerical  details  are 
available  which  can  be  used  to  adequately  assess  their  overall  viability.  Especially 
lacking  are  sensitivity  analytes  cf  the  numerous  interrelated  parameters  that  control 
patch-ionization  characteristics,  Including  whether  (ultimately)  a  "mirror"  can  be  created 
that  will  have  the  necessary  spatial  and  temporal  coherence  for  epeoifie  communication 
or  radar  applications. 


7.  AIK  PATCH  KOTION,  WIND  SHEAR,  AND  TURBULENCE  EFFECTS 

The  structure  and  stability  of  AIM  layers  also  depend  on  such  factors  as  winds, 
shears,  and  turbulence.  The  effects  of  wines  on  the  frequency  dependence  of  the 
reflections  are  especially  Important  for  radar  applications  which  rely  on  Doppler 
processing  for  clutter  rejection.  The  major  factors  to  be  considered  Include  patch 
motion,  wind  shear,  and  turbulence,  all  driven  by  motions  o.‘  the  neutral  atmosphere.  It 
Is  not  anticipated  that  motion  of  the  patch,  as  a  whole,  will  degrade  the  performance  of 
most  AIM-based  systems.  However,  If  a  wind  shssr  exists  at  the  point  where  the  patch  is 
oreated,  the  patch  will  not  only  move,  but  will  also  be  altered  In  orientation  and  shape. 
Because  vertical  shear  la  generally  more  severe  than  horizontal  shear,  It  Is  expected  to 
be  the  dominant  source  of  shear-induced  effects.  In  general,  more  research  Is  needed  to 
assess  how  such  wind  affects  will  Impact  the  generation  and  control  of  artificial  layers 
of  Ionization  In  the  atmosphere.  Heeded  are  wind,  shear,  and  turbulence  data  in  the  70- 
80  km  altitude  range,  over  horizontal  and  lateral  extents  well  under  1  km,  and  vertical 
resolutions  of  a  few  tens  of  meters,  or  less. 


8.  AIK  ENVIRONMENTAL  ISSUES 

Because  of  the  very  high  transmitter  powers  required  to  produce  artificial  layers 
of  Ionization  in  the  atmosphere,  and  because  the  sny  notion  of  atmospheric  or  ionospheric 
Bodlflcatlon  la  correctly  a  sensitive  one  in  general,  a  number  of  environmental  Issues 
associated  with  the  AIM  concept  must  be  addressed.  For  example,  the  electromagnetic  field 
strengths  In  tne  vicinity  of  the  AIM  heater  must  be  assessed.  In  general,  however, 
because  both  the  crossed-Oeam  and  foeusaed-bcam  approaches  produce  very  strong  fields  only 
at  very  high  altitudes  (in  the  breakdown  region  around  70  km,  fer  example),  it  should  be 
possible  to  Insure  that  the  field  strengths  In  the  vicinity  of  the  hester(s)  are  below 
approved  standards.  Of  course.  Interference  with  other  RF  users  would  have  to  be 
addressed  as  well.  Another  Issue  that  has  not  been  adequately  addressed  Is  one  of  the 
potential  for  collateral  damage  to  space  craft,  such  as  satellites  that  may  be  passing 
above  the  heater  while  an  AIM  plasma  cloud  is  being  produced. 

Even  more  Important,  perhaps.  Is  the  way  In  which  the  atmospheric  breakdown  could 
affect  air  chemistry.  Recent  Soviet  and  U.S.  studies  Indicate,  for  example,  that  because 
of  the  very  high  Ionization  rates  that  are  projected,  large  aoounta  of  nitric  oxide  would 
be  produced  In  the  breakdown  region  of  the  atmosphere.  Since  It  Is  established  that  such 
molecules  art  as  a  catalyst  In  the  destruction  of  ozone.  It  Is  necessary  to  fui;y 
understand  the  altitude  dependence  of  such  effects.  For  example,  what  are  the  effects 
If  the  breakdown  Is  produced  at  70-80  km,  compared  to  the  effects  if  it  la  produced  at 
50  ka,  eto.  To  answer  suoh  questions  comprehensive  analyses  if  the  production  rates,  loss 
aeobanlsms,  and  circulation  of  the  excess  nitric  oxide  from  high  altitudes  down  to  the 
ozone  layer  must  be  understood  and  quantified.  Although  preliminary  research  shows  that 
nltrlo-ozlde  synthesis  Tor  an  AIK-cloud  produced  at  appropriately  high  altitudes  does  not 
appear  to  oe  sufficient  to  be  of  environmental  concern  (Mllikh,  1990),  more  detailed 
analyses  of  the  issue  Is  already  underway  in  both  the  Soviet  Unior.  and  the  United  States. 


9.  AIM  APPLICATIONS 

Potential  applications  of  artificial  ionization  regions  as  dlsoussed  In  the  Soviet 
literature  Include  enhanced  long-range  communications  and  radar  coverage,  secure  military 
oesuaunioationa  In  the  presence  of  natural  or  nai'-made  disturbed  environments,  radio 
reflectors  for  Improved  oonventlonsl  high-frequency  telecommunications,  new  satellite 
oomaunloatlona  techniques,  and  controlled  Ionospheric  modification  for  Interference  with 
transmissions  through  the  disturbed  region. 
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Recent  U.S.  efforts  support  the  tsohnlcsl  feasibility  of  oreatlng  artificial  patches 
of  Ionization  In  the  atsosphere  which  can  ha  exploited  to  greatly  enhance  the  capability 
to  detect  and  track  targets  having  very  small  radar  cross-sections  (Figure  13).  The 
focussed  beam  anproach  to  creating  such  layers  appears  especially  promising  for  such 
applications,  In  that  system  configurations  can  6e  envisioned  providing  a  capability  to 
detect  cruise  missiles  and  other  small  targets  over  relatively  large  coverage  areas. 


10.  AIK  PR00F-0F-C0NCEPTS  FIELD  EXPERIMENTS 

In  some  ways,  AIN  theoretical  and  nuserloal  research,  and  laboratory  chamber 
•xperlsents  to  assess  the  viability  of  the  AIM  concept,  are  approaching  a  point  of 
diminishing  returns.  The  logloal  next  step  la  to  construct  a  prototype  grouno-baaed 
facility  for  atmospherlo  lonlxatlcn  research.  Such  facilities  have  been  proposed  and 
described  In  some  detail  In  a  number  of  recent  Soviet  technical  articles.  However,  It 
lm  believed  that  no  such  facilities  currently  exist.  Such  a  step  would  require  a 
considerable  investment  of  technical  and  financial  resources. 

Two  approaches  for  field  experiments  are  being  investigated  In  the  U.S.  One  would 
Involve  the  use  of  the  300  m  radio-  telesoope  antenna  at  Areclbo,  Puerto  Rico  (Figure 
l«a) |  the  other  would  employ  an  array  of  as  many  as  50  twenty-four-meter  dish  antennas 
(Figure  Hb)  to  Ionize  a  12-20  meter  diameter  spot  at  70  km  altitude  ai.d,  with  llsilted 
scanning,  enlarge  It  ("paint")  to  about  200  meters  In  diameter.  Neither  concept  has  been 
fully  analyzed,  however,  to  adequately  assess  their  technical  merit  or  Implementation 
costs. 


U.  SUMMARY 

The  following  summarizes  the  state  of  U.S.  AIN  related  research  and  the  direction 
It  may  take  over  the  next  few  years: 

(1)  In  a  general  way,  the  technloal  feasibility  of  artificially  Ionizing  the  upper 
atmosphere  has  been  proven. 

(2)  Important  practical  system  applications  oan  already  be  envisioned.  For  example,  in 
concept,  an  AIM  based  radar  could  be  operated  at  a  frequency  chosen  to  optimize  target 
detection,  rather  than  be  limited  by  prevailing  Ionospheric  conditions.  This,  combined 
with  the  possibility  of  controlling  the  radars  wave  polarization  to  mitigate  clutter 
effects,  could  result  In  reliable  detection  of  cruise  missiles  and  other  low  observable 
targets. 

(3)  Comprehensive  theoretloal/numerlcal  oodels.  required  for  the  detailed  assessment  of 
the  AIN  concept,  have  been  developed  and  validated.  In  part,  with  experimental  data 
obtained  in  high  power  RF  experiments  conducted  In  laborstory  chambers.  These  are 
available  to  Investigate  the  large  number,  and  a  wide  variety,  or  complex  Interrelated 
physical  and  system  p' .  •*  ;-rs  that  must  be  understood  and  quantified  In  order  to  properly 
assess  the  technics)  .  .  .  -  '.llty  and  ayatem  desirability  of  the  AIM  concept. 

(()  Although  there  .  i. .  to  be  a  number  of  techniques  for  generating  artificial 
•mirrors".  Including  ti,-  r  ,jsed-beam  and  focussed  beam  approachea  discussed  above, 
relatively  few  numerical  wtalls  are  available  which  oan  be  used  to  adequately  assess 
their  ovsrall  viability.  Especially  lacking  are  sensitivity  analyses  of  the  numerous 
Interrelated  parameters  thst  control  pstch-lon'.zstion  charar terlstlcs .  Including  whether 
(ultimately)  •  "mirror"  oan  be  created  that  will  have  the  neceasary  epatlal  and  temporal 
coherence  for  specific  jommunlcatlon  or  radar  applications. 

(5)  In  addition  to  the  Issues  associated  with  the  technical  viability  of  thi  AIM  concept, 
a  number  of  potential  environmental-impact  lsaues  have  bien  Identified.  Although  it  Is 
thought  thst  these  will  not  prove  to  be  serious,  because  of  the  very  high  altitudes  most 
likely  to  be  essocleted  with  the  AIM  concept  (above  70  km),  they  must  be  adecuately 
analyzed  end  resolved  before  any  field  experiments  of  the  concept  are  conducted. 

(6)  Although  they  would  require  relatively  large  technloal  and  financial  resources,  AIM 
proof-of— concept  field  experiments  could  be  conducted  using  available  technology. 
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Figure  1.  Schematic  representation  of  the  crossed-beam  approach  for  generation  and 
maintenance  of  an  artificial  Ionospheric  mirror;  (a)  concept,  (b)  layers  of  Ionization 
resulting  from  Interference  pittern  produced  by  Intersecting  beams. 


(•BTJiaKs  R  - 100  KW  T-SOpeec 


(ref.  VKHARCV,  el  si,  1884) 


Figure  2.  Crossed-beam  microwave  laboratory  chamber  experiment. 


ALTltUCC  (»<*>) 


Figure  3«  Pocuased-bean  approach  Tor  Ptgura  4.  An  array  focussed  at  70  kt 
generating  an  artificial  Ionospheric  altitude. 

■irror. 


MEAT TR  FREQUENCY 


Plgure  5«  Ef fective-rsdiatsd-power 
requirements  for  useful  lo  izatlon 
rates. 


Power  Dcruity  (dSW/a*) 


Plgure  6.  Evolution  of  an  AIM  cloud  for  a 
300  MHz  heater  and  a  10  nlcrosecond  pulse. 


ESTABLISHMENT  AND 
MAINTENANCE  PULSES 


Plgure  7.  Control  of  Ionization  using  establishment  and  maintenance  pulses. 


Figure  9.  Computed  reflection  coefficients 
for  lajera  at  (a)  61.4  Ito,  (b)  72.5  Km,  and 
(c)  60  Ks. 
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Figure  11.  Concept  of  painting 
(enlarging)  an  artificial  ionospheric 
■irror. 


Pigure  12.  Power  density  (dBV/a*)  contours 
of  vertical  scan  with  heater  frequency. 


OTH  RADAR  APPLICATIONS 


IONOSPHERE 


•  FREQUENCY  CONTROL  SHORT  RANGE  OPERATION 

•  MfTIQATK  AURORAL  CPFECTS  •SMALLER  CROSS-SECTION  TAROCT 


figure  13.  AIM  over-the-horizon  surveillance  concept. 


figure  1*.  Potential  AIM  proof-of-concepts  experiments;  (a)  focussed  Areclbo  dish 
antenna ,  (b)  s-band  array. 
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DISCUSSION 


A.  FRASER-SKITH,  US 

The  altitude  range  of  Interest  (£0-80  tat)  covers  a  wide  range  of  electron  attachment 
llfetiaes.  Above  70  km  the  lifetimes  are  measured  in  seconds,  while  below  70  km  the 
lifetiaas  are  likely  to  bo  measured  in  milliseconds.  This  will  be  an  important 
factor  in  your  choice  of  altitude  for  thu  mirror.  What  kind  of  lifetime  are  you 
hoping  to  achieve? 

AUTHOR’S  REPLY 

The  answer  has  to  do  with  the  specific  application  envisioned.  More  specifically, 
however,  we  have  been  interested  in  a  surveillance  application  in  which  0.5-1  sec 
lifetimes  are  attractive  (see  paper  no.  36).  For  that  reason,  the  70-80  km  altitude 
range  for  the  "mirror"  is  desirable.  On  the  other  hand,  artificially  produced 
ionization  could  provide  a  unique  means  for  investigating  ionospheric  processes  over 
the  40-90  km  altitude  range,  which  is  a  difficult  region  to  study  remotely,  from  the 

?  round  or  space.  For  this  application  (a  geophysical  probe),  measurements  of 
onization  lifetimes  themselves,  including  their  altitude  dependence  and  their 
temporal  and  spatial  properties,  would  be  of  great  interest. 

J.  BBLROSE,  CA 

The  speaker's  reference  to  Canadian  research  requiring  high  power  microwave  beam 
powers  is  concerned,  not  with  lonospheric/mesospheric  breakdown,  but  with  microwave 
powering  of  an  aircraft  for  radio  relay,  flying  at  23  km.  The  comment  I  wish  to 
make,  however,  is  that  an  additional  item  should  be  added  to  your  list  of 
difficulties  associated  with  AIM,  and  that  is  the  need  to  consider  environmental 
affects.  For  focussed  bean  povers  of  140-170  dBW,  power  densities  outside  the  beam 
are  also  of  concern,  e.g.,  to  aircraft  flying  near  the  microwave  transmitter 
facility. 

AUTHOR’S  REPLY 

You  are  correct,  and  I  would  have  taken  a  few  minutes  or.  environmental  issues  but  for 
time  limitations.  Seme  of  those  issues  have  been  considered  (end  they  seem  to  be 
manageable) ,  but  a  lot  more  needs  to  be  done. 

*.  FLOOD,  US 

Have  you  considered  the  affects  o*  tropospheric  turbulence  on  your  ability  to  focus 
an  array  of  separate  dishes?  A  fixed  focus  correction  will  not  do  it  at  GHz 
frequencies  if  the  antennas  are  well-separated.  Oblique  incidence  increases  the  path 
length  in  the  troposphere,  making  the  problem  worse  than  at  vertical  incidence. 


AUTHOR'S  REPLY 

I  Me  have  only  begun  to  look  at  the  problems  associated  with  using  an  array  of  dishes 
tor  proof-of-concepts  experiments.  The  issue  you  raise  is  valid,  and  must  be 
I  considered  in  any  detailed  assessment  of  the  technical  viability  of  that  approach. 
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Pbyilcs  of  RF  3r«okdown  ior  AIM  Applications 

K.  Papadopoulos,  T.  Wallace,  P.  Vitello 
R.  Stony,  K.  Tseng,  P,  Lallemem 

ARCO  Power  Technologies,  Inc. 

1150  24ih  Street,  NW 
WuhingLor,  DC  20037  (USA) 


Summary 

Both  a  simple  test  particle  approach  and  a  complete  kii  otic  calculation  are  used  to  predict  the  net  el  'tun 
production  rate  of  an  RF  signal  under  conditions  appropriate  for  an  Artificial  Ionospheric  Mirror  IAIHI  system 
These  predictions  are  compared  with  each  ether  and  with  eiperi.nenta!  data  and  found  to  be  in  good  agreement 
The  lest  particle  based  formula  is  incorporated  into  a  model  which  calculates  the  one-dimensions!  vertical 
electron  density  profile  created  by  a  ground-based  RF  heater,  and  the  performance  of  a  baseline  heavr  design  is 
investigated,  providing  the  foundation  for  the  specification  of  a  baseline  AIM  heater  system. 

1.  htroductlon 

M»ny  telecommunications  and  radar  surveillance  systems  rely  on  ionospheric  reflection  and  refraction  of  RF 
signals.  As  a  result,  their  performance  is  severely  limited  by  the  ambient  ionospheric  conditions  arid  ionospheric 
variations.  Many  ionospheric  modification  experiments  have  been  performed  to  develop  an  understanding  of 
ionospheric  behavior  during  RF  heating  and  its  influence  on  radio  wave  propagation.  It  has  been  found  that  heating 
Of  the  ionosphere  by  high  power  radio  waves  results  in  strong  nonlirear  and  self-action  effects  which  influence  the 
propagation  characteristics  of  the  radio  waves  as  well  as  the  state  of  the  ionospheric  plasma.  The  power  densities 
produced  in  the  ionosphere  by  the  present  generation  of  high  power  RF  systems  result  in  elecuon  heating  which 
affects  the  absorption  and  propagation  of  the  RF  waves  by  increasing  the  elecuon  neutral  collisiso  frequency  and 
spatially  redistributing  the  electron  plj.ma  density  (i.e.  creating  s Illations'  However,  the  extent  of  the  electron 
beating  is  not  sufficient  to  increase  the  electron  density  by  ionizing  the  ambient  neutrals.  The  developxca  of  new 
high  power  RF  sourres  now  offers  the  possibility  of  controlling  the  level  of  ionospheric  ion.iaucn  and  therefore 
its  reflective  and  refractive  properties.  This  is  accomplished  by  initiating  at  the  desired  altitude  and  location  a 
discharge  similar  to  laboratory  RF  plasma  discharges.  The  region  cf  artificially  enhanced  loniranon  which  is 
created  ii  referred  so  as  an  Artificial  Ionospheric  Mirror,  at  AIM.  It.  assessing  the  potential  uses,  engineering 
requirements,  and  projected  costs  of  AIM  facilities,  a  thorough  understanding  of  Ihe  physical  phenomenon  of 
iooospheric  breakdown  is  required.  Il  is  the  ourpose  of  this  paper  to  present  the  physical  loundaiions  that  describe 
the  formation  and  control  of  artificial  ionospheric  mirrors. 

2.  Determination  of  Ionization  Ratea 
2.1,  Background 

The  most  critical  parameter  >r.  the  description  of  breakdown  processes  is  the  value  of  the  net  ionization  rate  v„„  as 
a  function  of  the  incident  RF  power  density  5,  frequency  to,  ambient  neutral  density  .V  and  gas  composition 
Although  a  large  body  of  theoretical  and  experimental  work  exists  on  the  subject  of  RF  breakdown  of  air.  a 
critical  review  of  the  subject  (APT1  Technical  Report  50W,  [!))  noted  that  most  of  the  experimental  results  and 
their  empirical  extrapolations  were  not  appropriate  to  the  parame'er  range  of  interest  to  the  AIM  pregnm  In 
fact,  errooeous  application  of  the  er.pirical  breakdown  thresholds  and  ionization  rates  resulted  in  the  past  in  mu,cr 
uadertstifliftes  of  the  power  requirement  and  the  frequency  optimization.  On  the  other  hand,  analytic  e^orrs  by 
Gurevich  and  Borisov,  et  al.  f2J]  resulted  in  substantial  s  due  to  neglect  of  molecular  dissociation  processes 
A  comprehensive  numerical  kinetic  computation  was  dev^oped  to  calculate  the  ionization  rate:  as  a  sanction  of 
the  local  RF  power  density,  frequency,  and  neutral  density  for  parameters  re’evam  to  AIM.  The  code  describes 
kineticiUy  the  electron  energization  by  the  incident  RF  anu  includes  the  most  cunent  values  of  crcss-secncns  for 
elastic  and  »nelajtic  processes.  A  brief  description  of  the  code  is  given  in  section  2.2.  a  more  detailed  discussion  of 
the  code  and  of  its  range  of  validity  can  be  found  in  [1].  In  section  2.3,  the  validity  of  the  code  is  tested  against  the 
available  experimental  evidence.  The  results  of  the  ionization  rate  computations  are  presented  in  secuccs  2.4  *rd 
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2.5.  For  concreteness'  sake,  section  2.3  focuses  on  the  rates  for  a  neutral  density  value  of  2  x  10'  -  am-- ,  which 
corresponds  to  an  altitude  of  approximately  70  km.  The  ionization  rates  arc  generalized  to  other  ah.tudes  in  the 
form  of  universal  curves  with  the  introduction  of  scaling  parameters  in  section  2,5.  Section  2.6  presents  an  analytic 
derivation  of  the  ionization  rates  based  on  a  test  particle  approach,  compares  them  with  the  computational  results, 
and  discusses  die  underlying  physics. 

2.2.  Kinetic  Modeling 

The  kinetic  calculation  is  based  on  the  numerical  solution  of  a  differential  equation  for  the  isotropic  portion/,,  of 
the  distribution  function  ffry.i)  of  a  uniform  weakly  ionized  plasma  [2.4].  When  the  quiver  energy  is  below  the 
energy  required  for  ionization,  the  isotropic  portion  of  the  distribution  is  responsible  for  all  ionizafon  which 
occurs;  therefore,  it  is  the  form  of/,  which  determines  the  ionization  rate.  At  quiver  energies  below  2-3  eV,  the 
form  of  the  isotropic  portion  of  the  distribution  also  determines  the  rate  of  collisions  which  excite  optical 
resonances  and  cause  dissociation,  and  the  rate  of  collisions  which  result  in  attachment .  Since  these  are  the 
dominant  energy  and  electron  loss  mechanisms,  /„  may  be  usee  to  accurately  calculate  the  net  rate  of  electron 
production.  The  differential  equations  governing  the  lime  evolution  of/,  are  [?': 

ysf  Sv.yfoJsv.Q+i&l—ita— (2.2.1) 
3l  2v*3v|  l  m  3m2  tvi+  o2ll  a  J| 

Jo,.  >  se + s&  tsg+siii+siz+sa  (2.2.2) 

=  Of)/<4  +  *v) + ff*) - C/M  ct:"(o]  (2.2.4) 

S&-&1 M(*+  «%)/<« +  *i)o?\e*e,kr)- 1,  is)  tr^(e)]  (2.2.5) 

V 

— sfr  I  «*[(*  s  »)/<  f  +  a,)  afie  *  ef)  -  tfo'.e)  af(e>]  (2.2.6) 


Sffi  » -{Nc,  J«a(v)  +  Nl>  tr.oi(v))  v/y 


W»v',F,(v.i 

‘  J.c 


Fj(v,v')/5  c'd.fv')  oV 


The  set  of  equations  (2.2.1-8)  above  are  those  which  were  solved  numerically.  The  major  assumptions  required  in 
the  derivation  of  these  equations  are  listed  below; 

•  The  quiver  energy  is  below  the  threshold  energy  for  the  dominant  loss  processes,  so  rates  of  energy 
loss  and  electron  production  rates  are  determined  by /, 

•  The  plasma  is  locally  uniform,  and  diffusion  operates  on  much  longer  timescales  than  ionization, 
so  transport  may  be  neglected, 

•  The  fractional  ionization  is  low,  so  electron-electron  a.,d  electron-ion  elastic  collisions,  as  well 
as  electron-ion  inelastic  processes  such  as  detachment  and  recombination,  may  be  ignored. 

•  The  number  of  molecules  in  excited  states  is  low,  so  superelastic  collisions  are  unimportant, 

•  The  electric  field  is  rapidly  alternating,  so  the  time-averaged  field  may  be  used. 

Ir.  addition,  in  the  implementation  of  the  numerical  solution,  the  neutral  atmosphere  was  assumed  to  consist  of 
molecular  oxygen  and  nitrogen  only,  excluding  other  trace  neutral  constituents. 
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To  solve  the  equations  for  the  distribution  function  numerically,  il  is  necessary  to  transform  them  into  an 
equivalent  set  of  equations  on  discrete  lime  and  energy  (or  velocity)  grids.  One  method  for  performing  this 
wnsfomation  is  the  finite-difference  method;  it  may  be  developed  very  simply  from  the  definition  of  the 
derivative.  Because  the  equations  to  be  solved  are  first-order  in  time,  tn.s  will  yield  an  equation  for  the 
distribution  function  at  a  given  timessep  in  terms  of  the  function  at  the  previous  timestep. 

Modeling  of  ionization  in  the  atmosphere  is  accomplished  by  setting  ihe  distribution  function  to  its  initial  value,  a 
Maxwellian  at  the  ambient  electron  temperature,  and  calculating  successive  distributior-j  by  applying  the  finite- 
difference  equation  repeatedly.  This  will  result  in  a  time  history  of  the  distribution  function,  which  nay  be 
integrated  over  velocity  to  give  the  elect-on  density,  and  which  may  also  be  used  to  calculate  arengt  collision  rates 
for  momentum-transfer,  attachment  and  Ionization. 

The  set  of  equations  (2.2.1-8)  may  be  approximated  by  t  finite -difference  equation  of  the  form 

2 - — «(T  +  U)fo1*®  ,2.2.9) 

At 

Here  tfce  continuous  function  f0  has  been  replaced  by  the  vector  fp,  a  one-dimensional  array  which  apprexin-m  the 
value  of/j  at  diacrete  energies;  the  lime  derivative  has  been  replaced  by  its  difference  approximation;  and  the 
effects  of  the  electric  field  and  of  collisions  have  been  combined  into  the  matrices  T  and  U.  The  maim  T  is  a 
tridiagonal  matrix  representing  the  effects  of  the  electric  field,  elastic  collisions,  and  routior.il  inelastic 
collisions,  all  of  which  appear  in  the  original  equations  as  terms  containing  the  first  and  second  derivin' of  f0 
with  respect  to  e.  The  other  inelastic  processes  cause  discontinuous  changes  in  electron  energies  and  cannot  be 
represented  in  this  way;  their  effects  are  combined  in  the  upper  triangular  matrix  V.  This  is  a  fully  implicit 
equation  because  the  operators  representing  the  energy  derivatives  are  applied  to  the  value  of  fc  at  the  succeeding 
timettep;  it  is  unconditionally  stable  and  convergent  to  the  solution  of  the  corresponding  differential  equation 

A  valuable  check  on  the  accuracy  of  the  numerical  simulation  is  to  compute  the  energy  balance.  Because  the  cross- 
section  for  each  process  is  svailable  and  the  energy  loss  due  to  each  event  is  known,  the  energy  absorbed  by  each 
process  may  be  computed  on  each  timestep.  The  energy  lost  by  the  electric  field  may  also  be  computed  and 
compared  to  the  sum  of  the  energies  absorbed.  Agreement  between  the  two  locals  was  excellent,  typically  with 

errorx  less  than  ,01ft. 

23.  Comparison  of  Kinetic  Computations  and  Experimental  Data 

Deriving  ionization  ratex  from  the  experimental  observables  is,  with  the  exception  of  one  recent  experiment  (Hays 
et  al.  19S7),  a  convoluted  process  which  involves  a  great  degree  of  uncertainty  The  most  relevant  daa  are  derived 
ftem  pulsed  experiments  (5-9],  In  these  experiments,  the  ionization  rate  is  computed  by  fu'ng  die  power  density 
and  increasing  the  pulse  length  until  "breakdown"  occurs.  Two  definitions  of  breakdown  are  used; 

•  when  the  ratio  of  the  final  to  the  original  etectron  density  ir 


•  when  the  electron  density  reaches  the  critical  density  (i.e.  the  plasma  frequency 
equals  the  wave  frequency); 

«/</)•  1-2  x  10"*  /*  (2.3  2; 

The  ionization  rate  v„,  is  then  computed  by  assuming  that  over  the  pulse  length  the  electron  transport  o"  oth;r 
loaaer  ate  negligible  and  that  the  ionization  rate  is  independent  of  time,  so  that 

*i'f)  *  *<(<•)  exj(  v»«i»)  tZ3Ja) 

T  ■!/-«.  (2J.3b) 

Equation  (2.3.3)  is  often  written  In  the  form 
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where  P  is  the  gas  pressure.  The  value  of  v„JP  It  determined  by  varying  the  RF  power  and  pulse  length  until 
breakdown,  as  defined  by  either  of  equations  (24.1)  or  (2,3.2)  occun.  When  definition  (2.3.2)  is  used,  the  initial 
electron  density  is  either  assumed  to  be  1  cm'1  or  measured  in  advance,  it  should  be  noted  fiat  for  historical 
reasons  the  ionization  rates  determined  from  the  microwave  experiments  were  presented  in  a  format  that  makes  the 
interpretation  and  scaling  of  the  results  difficult.  Namely,  the  pkxs  give  as  a  function  of  EJP,  where  E,  is 
an  effective  electric  field  defined  by 


(2.3.5a) 


v.»54xl0,/> 


(2.3.5b) 


The  confusion  and  possible  pitfalls  in  using  the  vMJP  vs.  EjP  format  will  be  discussed  later.  In  order  to 
facilitate  the  comparison  of  the  numerical  results  with  the  experimental  results,  the  above  format  of  presrntation 
was  maintained. 
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Figure  2.3.1.  Comparison  of  Kinetic  Calculations  w;di  Experiments 
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Figure  2.3.1  presents  a  summary  of  the  early  experiments  along  with  the  values  determined  in  the  numerical  work. 
Given  the  uncertainties  discussed  above,  the  agreement  is  remarkable.  Even  more  important  is  the  comparison  of 
die  numerical  results  with  the  recent  experiment  by  Hays  et  a).  [10],  shown  in  Figure  2.3.2.  This  experiment  was 
unique  in  that  instead  of  using  equations  (2.3.1)  •  (2.3.3),  the  ionization  rate  was  monitored  as  a  function  of  lime.  It 
should  be  noted  that  the  experiment  was  performed  in  the  presence  of  a  longitudinal  magnetic  field,  and  the 
microwave  frequency  was  adjusted  to  resonate  with  the  electron  gyrofrequency.  Under  these  conditions,  the 
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physics  of  the  eleesun  energization  lj  jimilar  to  the  one  In  the  presence  c.f  •  DC  e'.ecLric  Held  with  amplitude  two 
timet  larger  than  the  RF  field  [10], 


Figure  2.3.2.  Comparison  With  Directly  Measured  Ionization  Rates  (Pure  Nj) 

2.4.  RF  Ionization  it  70kra  Altitude 

Hie  kinetic  equation  given  ir.  section  2.2  above  was  numerically  solved  over  a  wide  range  of  frequencies,  altitudes 
and  power  densities.  For  concreteness,  "re  discuss  here  results  relevant  to  air  density  of  2  x  lO^cm"1,  which 
conesponds  to  an  altitude  of  approximately  70  km.  Figures  2.4.1  •  3  show  the  time  evolution  of  the  electron 
distribution  function /fe;  at  Intervals  of  200  ns  for  an  Incident  KF  frequency  of  300  MHz  and  powers  of  300  W/m2. 
3  kW/m3,  a.nd  30  kW/tn2,  respectively. 

For  the  lowest  power  density  case,  shown  in  Figure  2.4.1  below,  t)  reaches  steady  stare  after  approximately  2  >is. 
In  this  case,  the  incident  power  density  w  is  below  threshold  and  breakdown  did  not  occur.  The  energy  loss  due  to 
the  vibrational  excitation  of  molecular  N.  acted  as  a  tamer  that  prevented  generation  n '  significant  electron 

fluxes  past  2-3  eV. 


Tim*  ft  S4«v  •  0.2  /t* 
1*M(  *  3.0  HM 


figure  Z4.1.  Evolution  of f0  for  Power  Density  of  300  W/m2 

figure  2.4  2  shows  fle)  far  3  kW/m2  RF  power  density.  Recent  Soviet  studies  [2-3]  predict  a  threshold  power 
density  of  1.8  kWAn2  for  300  Mhz  at  N  »  2  x  10,J  cm"3.  However,  oar  resuits  indicate  that  even  at  3  kW/m2. 
although  there  was  significant  electron  flux  above  5-6  eV,  few  electrons  reached  ionizing  energies.  As  will  be 
discussed  in  a  future  publication,  the  optimistic  results  of  Borisov  eL  al.  [2]  are  due  to  their  neglect  of  02 
dissociation. 


figure  2.42,  Evolution  otff,  for  Power  Density  of  3  kW/m2 


TW*  pf  »*•* 
T*1«4  Km*  • 


(iV) 


Figure  2.4.3.  Evolution  of fa  for  Power  Dec  stty  of  30  kW/m1 

Increasing  the  power  density  to  30  kW/m5  (Figure  2.4.3)  result  in  » gnificunt  electron  fluxes  reaching  energies  of 
20  -  25  eV,  ionizing  bo*  Og  and  Ng  mc'.eculei.  The  evolution  of  fat)  is  self  similar  in  energy  end  only  the  total 
electron  density  *,  Increases  with  time.  The  distribution  reaches  1  self  similar  state  in  approximately  200  ns. 
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Figure  24.4.  Net  Ionization  Rates  at  70  km.  Altitude 
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Of  primary  interest  is  the  rate  of  ionization  as  a  function  of  RF  frequency  and  power  density  The  results  of  the 
computations  are  shown  in  Figure  2.4.4,  for  the  70  km  altitude  case.  Figure  2.4,4  indicates  a  scaling  of 

(24.1) 

TMs  along  with  other  scaling  issues  is  the  subject  of  the  next  section. 

25.  Ionization  Rates  and  Efficiency  Scaling  Considerations 


Based  on  the  self  similarity  of  fit),  the  results  of  section  2.4  can  be  generalized  to  produce  universal  relations  for 
ionization  rates  for  any  combination  of  S,  to,  and  N.  To  accomplish  this  we  rewrite  equation  (2.2.1)  in  the  form 


The  elastic  electron  neutral  collision  frequency  v/t)  has  a  maximum  value  given  by 


(25.0 

(25.2) 

(25.3) 


(25.4) 


This  value  is  reached  when  e  »  20-30  eV.  For  the  frequencies  of  interest  for  AIM,  where  a> »  ,  equation 

(25.1)  can  be  written  as 


T«v,r  (25.6a) 

v«i«;  ’j(e)  v«  (25.6b) 

Uflt))  ■  1  x  10’  OJit))  (2.5.6c) 


Notice  that  in  equation  (25.5),  the  altitude  dependence  enters  through  the  normalized  lime  r,  while  the  RF 
frequency  and  power  density  dependences  enter  through  t  It  is.  as  a  result,  expected  that  the  dimensionless 
ionization  rate  will  be  only  a  function  of  t  The  computational  results  confirm  this  conjecture  for  a 

»  but  show  a  factor  of  two  difference  when  a)  ■  We  will  return  to  this  point  Iau.r  on. 

25.  Analytic  Approximation  -  A  Test  Particle  Approach 

The  physics  underlying  the  ionization  rates  and  scaling  presented  in  section  2.5  can  be  understood  by  examining  the 
RF  acceleration  of  an  electron  in  the  presence  of  inelastic  losses.  The  energization  of  a  test  electron  in  the  presence 
of  RF  waves  with  a»  vma  can  be  approximated  by 

v«(e)e  (2-6,1) 

in  the  presence  of  mly  ionization  losses,  the  effective  ionization  time  is  the  sum  of  the  energization  time  to 
ionizing  energies  T,  and  of  the  time  to  make  an  ionizing  collision  ones  the  electron  energy  (e)  >  EhK.  For  the 
moderate  values  of  (t)  (i.e.  (e)  <  4-5  eV)  of  interest  here  it  is  easy  to  check  that  r,  is  the  longest  time  scale.  As  a 
result 


Wo  approximate  the  collision  frequency  by  (Knoll  end  Watson,  1972) 


vJt) «  v«  g(e)  ■  v—  it-i  (26.3) 

«+5 

where  t  it  In  units  of  eV.  Assuming  that  Icaaatioo  occun  near  25  eV  energy,  u  teen  in  the  computations,  we  find 
from  equations  (2,6.1)  and  (2.6  J) 


05.4) 

$ 

Fran  equation  (15.2)  tad  (7.6.4), 

-22- -2.  (2.65) 

x—  35 

The  presence  of  other  inelastic  lot  set.  shown  In  Figure  2.6.1,  reduces  the  Ionization  rate  to  t  great  extent.  We  can 
compute  the  effect  of  Inelastic  collieioni  within  the  test  particle  theory  by  noting  that  from  Figure  2.6.2  that  there 
are  two  main  barren  to  electron  energization.  One  Is  between  2-3  eV  and  ia  due  to  Nj  vitri'ional  losses.  The 
accord  one  is  between  10-20  eV  and  Is  due  to  molecular  dissociation  and  optical  emissions.  Ionization  losses 
become  dominant  near  25  eV.  We  car.  account  for  the  inelastic  losses  by  introducing  a  probability  P(c)  that  under 
the  RF  action  the  electron  will  be  accelerated  through  the  loss  barriers  and  undergo  an  ionization  collision.  As  a 
rent 


V-W-r&r  (225.6) 

or, 

(£-£f{3  (2-6.7) 

On  the  basis  of  Figure  2.6.1,  we  can  write 

»(3-M3M3  (26  8) 

where  P^Ji)  refen  to  the  vibrational  band  and  P^ft)  to  the  dissociation-optical  excitation  band.  We  calculate 
first  the  Nj  vibration  effect  P^Ji) 

Since  the  band  Is  relatively  narrow  eve  can  approximate  the  vibrational  excitation  rate  vIl4  by  its  value  at  the 
vibrational  peak  energy  In  this  range  the  value  of  the  diffusion  coefficient  in  energy  space  Dc  »  <d,z/t>  is 

given  by 


Di(e.i>) »  (2.6.9) 

As  a  result,  die  energy  diffusion  time  through  the  width  d*,  of  the  vibrational  barrier  is 

(26.10) 

If  f,j,  «  I/v^  is  the  average  time  to  excite  vibrational  states,  then  the  probability  that  an  elecuon  will 
cross  the  vibrational  barrier  is  given  by 

F^-exp^Sir*.)"]  (2.6.11) 

ftora  (26.9-11)  we  find 
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Pj7)  -  wpf-(l  r 

'  *  '  pl  \2  Mt»)  Uj 


From  cross-section  data  we  can  determine  that  v¥itfc,ib) «  v,(cyiiyi,  e,l4  *  2.6  eV,  and  d,*  «  1.0  eV.  Malting 
these  substitution],  we  find  that 


P«i(t) «  exp  f~y  2L&- 


The  losses  in  the  5-8  eV  range  are  much  smaiier  and  may  be  ignored.  The  remaining  barrier  is  due  to  both  optical 
excitations  and  dissociation;  it  occupies  the  range  between  8-20  eV  and  reaches  a  maximum  near  14  eV.  We  can  find 
Ac  probability  Psffi)  of  penetrating  this  barrier  by  using  an  approach  similar  to  the  one  above.  In  this  case 
e„,,-14eV,andaU-6eV.  For  these  values,  we  find  that 

Mf)  =  «p[-y^Kj  (2.6.14) 

The  total  probability  that  an  electron  will  cross  both  barriers  and  reach  the  energies  necessary  to  ionize  is  given  by 

P(e) «  PJX)  Pf(e) «  exp  23siL ]  exp  ^  (2.6.15) 

From  equations  (2.6.7)  and  (2.6.15)  we  find 


•  3.0  x  11T1  e  exp  exp  *22_gY  j 


Substituting  the  value  of  from  (26.4),  and  realizing  that  for  quiver  energies  above  the  ionization  threshold 
‘W-v*  we  arrive  at 


,-9.0x  10',*exp|^-^226Y.jexp^-y  JLs!L 


Figure  26.1  compares  the  prediction  of  equadon  (26.16)  with  the  kinetically  calculated  rates  presented  in  section 
2.6.5.  The  agreement  is  excellent  over  more  than  four  orders  of  magnitude  in  the  rate  and  two  in  power.  The 
results  deviate  for  t>  4-5  eV.  This  is  expected  since  at  such  power  densities  the  energization  time  becomes  smaller 
than  the  time  for  ionizing  collisions. 

In  concluding  this  section,  we  should  comment  on  the  factor  of  two  differences  in  the  ionization  rates  between  the 
®  and  a> «  situations.  To  extend  the  range  of  validity  of  the  equation  toward  the  Oj-  regime, 

observe  that  the  effective  quiver  energy  of  an  electron  at  energy  e  is: 

— hn  <“•«) 

1  +  v![e  yo>J 

rather  than  t  We  can  conjecture  that  equation  (2.617)  can  be  generalized  from  o> »  to  the  m-  range  by 
aubatituting  the  appropriate  value  of  effective  quiver  energy  into  each  term: 


v-,-9.0x  10’&^(25eV)exri-  /— 


ftom  (26.3)  and  (2.618): 


1  +  h(e)vAa/tuJ 
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This  extension  rtptoducej  the  behavior  of  the  numerical  results  for  aj  -  vmar  The  case  of  a  <  wfl!  be 
presented  elsewhere. 


3.  AIM  Formation  Model 

The  formation  of  AIM  clouds  in  the  ionosphere  bv  ground  based  RF  waj  studied  through  the  use  of  a  one 
dimensional  simulation.  The  code  models  the  breakdown  and  formation  of  AIM  clouds  by  solving  the  cocplcd 
propagation  and  ionization  equations,  including  self  absorption,  for  a  micTowa'  e  pulse  propagating  upwards.  The 
model  is  a  fluid  rather  than  a  kinetic  one,  ignores  transport,  and  uses  the  ionization  rate  equation  (2.6.17).  A 
detailed  description  of  the  mechanics  of  the  one  dimensional  code  car  be  found  in  (1). 

The  need  so  contro'  the  altitude  of  the  AIM  cloud  requires  the  use  of  a  focussed  heater  antenna.  If  tie  elements  of 
the  heater  are  spr  ad  out  over  a  wider  area,  the  desired  location  of  the  AIM  cloud  is  in  the  near  Held  of  die  heater, 
where  focusing  /trough  phase  correction  of  individual  elements  is  po:s!b!e.  The  result  is  a  vertically  increasing 
electric  Held  from  the  heater  antenna  at  a  controlled  altitude.  This  method  allows  breakdown  to  occur  at  higher 
altitudes,  thereby  increasing  AIM  lifetime  and  decreasing  absorption  effects  The  resulting  electron  density 
profiles  have  a  very  sharp  gradient,  which  further  reduces  absorption  effects,  and  fine  control  over  the  portion  of 
the  breakdown  Is  possit'e. 

One  dimensional  simulations  revealed  a  long  pulse  effect  which  increases  the  gradient  of  the  plasma  cloud,  ’hereby 
reducing  the  absorption  of  the  radar  Jig, .a!  as  it  reflects  from  the  patch.  At  each  altitude  there  is  a  threshold  power 
density  Sc-  Aa  a  long  pulse  (>  5  psec)  of  microwave  energy  propagates  upwards  in  the  atmosphere  and  ionization 
takes  place,  self-absorption  of  the  pulse  decreases  the  field  strength  in  the  pulse.  Moreover,  the  areas  with  the 
highest  induced  electron  density  will  absorb  more  of  the  pulse.  Eventually,  the  area  of  peak  ionization  will  absorb 
so  much  of  the  pulse  that  die  remaining  power  density  will  fall  below  Sc  .  At  this  point,  further  ionization  can 
only  occur  below  md  In  front  of  the  point  of  peak  electron  density.  This  moves  the  electron  density  peak  down 
vertically  with  time,  bringing  it  closer  to  the  point  where  the  unattenuated  power  density  is  S: .  Figure  3.1  shows 
the  formation  of  a  one-dimensiona]  profile  made  by  a  10  psec  pulse,  at  1J  psec  lime  sample-. 
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The  gradient  of  the  electron  density  profile  is  dependent  on  the  slope  of  the  heater  antenna's  array  factor  near  the 
initial  breakdown  point  and  the  heater  frequency.  A  steeper  slops  in  power  density  creates  a  corresponding  sharper 
electron  density  gradient  along  with  a  higher  peak  in  electron  density  profile.  Parameter  studies  show  a  linear 
dependence  between  power  density  slope  and  resulting  electron  density  slope.  Since  self-absorption  or  attenuation 
goes  down  as  the  heater  frequency  is  increased,  a  higher  frequency  will  achieve  a  greater  electron  density  before  the 
clamping  phenomenon  occurs,  and  subsequently  a  steeper  slope  as  well. 

4.  Summary 

tn  this  paper,  we  presented  the  physical  foundations  required  for  the  design  of  an  AIM  system  for  radar 
applications.  Ionization  rates  were  computed  using  a  kinetic  code  that  incorporates  inelastic  losses  with  the  most 
up  to  date  cross  section  values.  The  code  reproduces  all  relevant  experimental  data.  An  analytic  formula  derived 
by  test  particle  considerations  was  found  in  excellent  agreement  with  the  numerical  results.  A  one  dimensional 
code  was  used  to  study  inhomogeneous  aspects  of  the  breakdown  and  plasma  formation. 
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DISCUSSION 

t.  R.  BAJOC3,  OS 

I  aa  curious  about  the  affect*  of  dissociation  of  N,  10,.  Tha  foraatlon  of  HO,  In 
particular  could  offer  a  naan*  of  'conditioning*  the  mesosphere,  opening  tha  way  to 
ionization  at  lever  anargiaa  than  would  ee  ragulrad  for  ‘fraah*  atmosphere.  Also, 
at  low  alticudaa,  where  w/oi  >>  1  no  ionization  will  occur  but  R  (  0  will  b*  formed. 
In  thia  caaa  NO  could  alae  b*  produced  in  tha  upper  stratosphere,  with  consequent 
loaa  of  0}.  I*  thia  a  aigniiicant  process? 

AUTHOR'S  REPLY 

Rot  for  our  caaa  in  which  the  ionization  la  only  about  10**  (l.a.,  10i5/cmJ  neutral* 
and  lO'/ea3  Iona)  and  the  ionization  occurs  in  10-20  ea.  Tina  acalaa  and  anatgstlca 
aaaily  ahow  that  NO,  o},  ate.  process**  do  not  play  any  rol*. 

R.  T.  ARMSTRONG,  OS 

In  raapona*  to  the  question  by  Ba1  Vs  on  NO 
austslnnsnt  calculations  by  linn  inorcat*  -  NO 
reduction  in  powar  threshold*. 

AUTHOR'S  REPLY 

Thia  is  conslatant  with  our  results. 

B.  RIPIN,  CS 

The  focused  baaa  has  an  intensity  profile 
similar  to  that  in  tha  sketch.  Ron't  tha 
breakdown  patch  ba  dimpled  due  to  thia  profile, 
and  what  consaquancaa  does  this  causa? 

AUTHOR'S  REPLY 

The  2-0  profile  of  tha  AIN  layer  is  created  by  superimposing  many  single  baaa 
profiles  (l.a.,  painting,  aa*  Pig.  1).  Due  to  clamping  aa  discussed  before  and  by 
properly  painting  a  smooth  layer  results,  For  details  see  AIN  paper  on  Thursday. 


production  (l  threshold  reduction, 
levels  of  10  ,  but  no  significant 


IM 


Fig.  1 


* 

J 

f 

f 


!  ? 


4 


ISA-! 


i 


t 


> 


\ 


Crossed-Microwave-Beam  Air  Ionization  Laboratory  Experiments 
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L.  Testerman,  T.  Tunnel),  P.  Blain 
EGAG  Energy  Measurements 


I.  Summary 

Detailed  laboratory  measurements  and  theoretical  modeling  relevant  to  the 
production,  geometrical  description  and  decay  of  microwave-induced  air  ionization  for  an 
upper  atmospheric  RF  reflecting  layer  are  reported.  It  is  found  that  breakdown  thresholds 
are  adequately  predicted  by  fluid  models  and  simplified  scaling  models  with  refinement  by 
kinetic  models  being  important  at  lower  pressures.  Repetitive  pulse  sustainment  has  been 
demonstrated  to  be  straightforward  with  a  commensurate  reduction  in  sustainment  power 
levels.  However,  establishment  of  a  convenient  breakdown  geometry  for  specular  RF 
reflections,  other  than  a  single  layer  in  a  crossed  beam  geometry,  was  not  obtained.  Detailed 
density  decay  measurements  qualitatively  support  simple  estimates  of  decay  times  and 
indicate  ionization  dwell  times  of  tens  of  milliseconds.  Chemistry  studies  indicate  three  N,0, 
species  will  be  produced.  Further  study  of  these  collateral  reactions  is  required  to  establish 
whether  adverse  atmospheric  consequences  can  result.  However,  large  NxO,  production 
does  not  appear  as  a  concern  for  relatively  small,  low  repetition  rate,  proof  of  concept 
atmospheric  experiments.  A  realizable  proof  of  concept  experiment  is  found  with  simple 
optimization  criteria  which  it  corroborated  by  laboratory  measurements  and  theoretical 
simulations.  Tail-erosion  appears  at  a  potentially  severe  limitation  in  atmospheric 
experiments  beyond  the  proof  of  concept  level,  suggesting  use  of  multiple-beam  systems. 


2.  Introduction 

High  power  microwave  radiation  is  under  consideration  for  use  as  an  ionizing  agent  to 
form  a  radio  reflecting  region  in  the  stratospheric/mesospheric  altitude  range.  The  , 
ionization  region  is  referred  to  as  an  Artificial  Ionization  Mirror  (AIM).  An  AIM  could  j 
conceivably  avoic  the  following  constraints  of  reflection  ,"rom  the  ionosphere:  I)  limitation 
•o  -  30  MHz  reflection  frequencies,  2)  erratic  variations  due  to  the  ionosphere’s  natural 
origin,  and  3)  reduction  of  a  Hind  "skip”  area  for  high  frequency  reflections.  Work  in  this 
area  began  in  the  Soviet  Union  in  the  1970's  and  continued  into  the  1980’s  with  a 
benchmark  paper  by  Gurevich  appearing  in  1980  {Gurevich,  1980;  Borisov  and  Gurevich, 
1980;  Vikharev,  et  al.,  1984).  Work  in  the  United  States  began  in  1986.  The  ultimate  utility 
of  the  ionizing  process  is  dependent  on  many  issues  including:  choice  of  altitude  and 
frequency  parameters,  atmospheric  attenuation,  ionization  geometry,  ionization  threshold, 
and  sustainment  of  the  ionization  layer.  These  issues  were  reviewed  by  Los  Alamos 

National  Laboratory  (LANL)  and  Lawrence  Livermore  National  Laboratory  (LLNL)  in  a 
report  submitted  to  the  Air  Force  Geophysics  Laboratory  (AFGL)  in  1987  (Armstrong,  et  al., 
1987J.  Pursuant  to  this  report  an  experimental  program  evolved  which  consisted  of  five 
research  campaigns  conducted  at  the  LLNL  high  power  microwave  laboratory  (Byrne.  1986) 
Over  the  course  of  two  and  one-half  years.  The  campaigns  consisted  of  the  following: 


AIM-1  Jun.  1987 

AIM-II  C  s.  1987 

A1M-III  Aug.  1988 

AIM-IV  Apr.  1989 

A1M-V  Sep.  1989 


Diagnostic  Development  A  Testing,  LANL/LLNL 
Single  Pulse  AIM  Measurements,  LANL/LLNL 
Repetitive  Pulse  AIM  Measurements,  LANL/LLNL 
Low  Density  Decay  Measurements,  SRI/LLNL 
Sustainment  Chemistry  Measurements,  AFGL/LLNL 


(Armstrong,  et  al.,  1988;  Eckstrom  and  Williams,  » 989:  Hunton,  1990).  The  present  paper 
aummarizes  the  results  of  these  experimental  and  theoretical  research  campaigns,  with 
emphasis  on  AIM-11  and  III. 
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The  esperimem  goals  of  AIM-II  were  lo  1)  measure  ionization  thresholds  for  jingle 
and  mul:'ple  layer  formation,  2)  characteriae  the  geometry  of  layer  formation,  and  3) 
determine  density  and  effective  collision  rates  in  the  ionization  layer.  The  AIM  III  research 
campaign,  performed  in  the  same  eaperimental  geometry,  was  dedicated  to  repetitive  poise 
operation  to  esplore  the  issues  surrounding  prolonged  or  'sustained*  AIM  psoduetion 
accessary  in  many  application  scenarios.  The  primary  issues  to  be  examined  Included:  I) 
reproducibility  of  breakdown  geometry,  2)  utility  of  previous  pulses  in  reducing  the  power 
threshold  for  breakdown  by  subsequent  pulses.  and  3)  ionization  persis.erce  or  decay. 
These  two  campaigns  are  described  in  Section  3.  An  expanded  discussion  or  iocizariou  decay 
U  presented  in  Section  4  in  the  contest  of  AIM-IV  low  density  measurements.  Secua.i  4 
contains  a  discussion  of  ionizttion  molecular  byproducts  measured  in  AIM-V.  A  discussion 
of  theoretical  modeling  is  given  in  Section  A.  Extrapolation  of  laboratory  measurements  and 
theoretical  predictions  is  made  to  an  atmospheric  demonstration  experiment  in  Sectua  7. 

3.  AIM  Characterization  and  Sustainment 

The  AIM-H  and  AIM-Ill  experiments  were,  directed  primarily  lo  crotsed  microwave 
beams,  for  localization  of  the  breakdown,  in  conditions  of  low  pressure  air.  The  experiments 
typically  consisted  of  a  high  power  (-10  MW)  2.856  GHz.  microwave  pulse  focused  in  a 
pressure  chamber  onto  a  refieclreg  plate  oriented  at  45*  to  the  incident  beam  'uch  that  the 
E-Held  of  the  beam  was  in  the  plane  of  the  reflector.  This  geometry  simulates  two  phase 
locked  microwave  beams  intersecting  at  90*  with  respect  to  each  other.  The  resilting  air 
breakdown  pattern  consisted  of  ionization  layers  at  surfaces  of  constructive  interference,  A 
diagram  of  the  exp-rime. nil  geometry  is  shown  in  Figure  I.  The  diagnostics  employed 
consisted  of:  I)  incident  and  transmitted  microwave  power  from  incident  directional 
coupler  and  magnetic  probes  in  the  reflecting  plate,  2)  sldeviewing  optical  Imaging  and  two 
color  photometry,  and  3)  cross-layer  double-pass  a-band  interfereme’ry.  The  prametcr 
apace  explored  included  pulse  lengths  of  73  lo  1780  ns.  pressures  from  001  to  3  Torr.  at.d 
inter-pulse  periods  from  2  to  30  ms  during  repetitive  pulse  operation.  Pulse  lengths  were 
defined  u  the  90  %  power  wid'h.  in  which  the  10-90  %  power  rise  and  fall  rimes  are 
typically  33  and  8o  ns,  respectively.  The  pressure  range  -as  constrained  by  the  dtsire  lo 
operate  from  the  lowest  breakdown  power  threshold,  which  occurs  under  matched 
conditions  of  microwave  frequency  comparable  to  collision  frequency,  to  as  low  a  pressure 
or  equivalently  highest  alti'ude  as  possible  with  the  vacuum  and  power  constraints  of  the 
apparatus.  We  first  describe  threshold  measurements  which  are  compared  lo  previous 
measurement*  and  discussed  in  terms  of  optimization.  Breakdown  geometry  is  then 
described,  with  a  discussion  of  density  and  temperature  measurements  following. 
Repetitive  pulse  sustainment  discussion  concludes  this  section. 

Microwave  breakdown  is  generally  described  by  attainment  of  plasma  densities  high 
enough  to  affect  the  driving  field  —  generally  on  the  order  of  the  critical  electron  density  in 
laboratory  scale  experiments.  Foe  the  ew  case,  it  is  expressly  defined  as  the  condition 
where  the  ionization  rate  is  equal  to  the  effective  electron  loss  rate.  For  breakdown  tc  occur 
with  microwave  pulses  of  finite  length,  the  ionization  rate  must  not  only  exceed  t»e  loss  rate 
bnt  must  exceed  it  sufficiently  that  the  electron  density  attains  a  certain  value  in  a  time 
ahortcr  than  the  pulse  duration.  The  pulsed  breakdown  definition  is  ambiguous  as  the 
breakdown  density  value  may  be  defined  differemly  by  different  observers.  In  the  present 
work,  threshold  it  defined  by  a  detectable  departure  of  the  transmitted  pulse  from  the 

incident  pulse  at  the  end  of  the  pulse's  "flattop*.  This  criterion  appears  to  occur  at 

approximately  1 9* 0  cm  5  at  indicated  fr<  m  the  a-band  inteifcrometry.  la  practice 
breakdown  definitions  are  less  meaningful  when  the  pulse  risetime  is  finite  and  comparable 
to  the  pulse  length;  i.e„  the  field  amplitude  is  not  constant.  In  particular,  "time  to 

breakdown"  for  oor  shorten  pulse  data  of  75  ns  is  problematic  within  past  definition]. 

Typical  time  histories  of  data  axe  presented  in  Figure  2  for  conditions  of  I  Ton 

pressure  and  75  ns  pulse  length  which  show  the  timing  of  breakdown,  as  well  as  the 

appearance  of  light  emissions  and  density  buildup.  The  klystron-produced  nricrowave 

waveforms  and  resulting  breakdown  behavior  were  observed  to  be  reproducible  to  within  a 
few  percent.  However,  calibration  of  the  power  measurements  is  known  only  to  ibeut  30  %. 
A  plot  of  peak  power  density,  infened  at  the  focal  plane  for  the  incident  (dark  trace)  and 

transmitted  flight  dotted  trace)  microwave  pulses,  is  shown  in  Figure  2a.  Note  that  severe 

attenuation  of  the  transmitted  pulse  appears  al  around  120  ns  into  the  incident  pulse  in 
association  with  the  formation  of  a  breakdown  layer. 

Analysis  of  the  attenurtion  and  phase  measurements  of  the  x-band  interferometer 
(Staldcr  and  Eckjtrom,  1989)  results  in  the  density  history  displayed  in  Figure  2b  and  an 
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estimate  of  the  peak  momentum  exchange  rate  of  vm  =  1.6  a  10*°  »■*.  The  density  decay 
inferred  from  interferometry  was  measured  for  different  pressures  and  is  presented  in 
Section  3.  However,  the  post-pulse  decay  measured  with  the  intetferometry  is  much  more 
rapid  than  the  dominant  decay  found  during  the  extended  interpulse  period,  at  discussed 
below. 

High  speed  (300  ps  resolution)  photometer  measurements  of  emission  in  the  second 
positive  band  system  in  Nj  (C  *nu  -*  8  3na,  X  «  3371  A)  and  the  first  negative  band  system  in 
Ns*  (B  -*  X  *!,♦,  X  ■  3914  A)  are  plotted  in  Figure  2c.  Because  the  3914  A  line  is  not 
pomped  significantly  during  its  relaxation  because  of  iow  electron  temperatures,  its 
relaxation  rate  it  a  good  measure  of  the  sum  of  the  spontaneous  emission  rate  and  the 
quenching  rate.  The  experimental  results  are  in  good  agreement  with  the  values  A3914  * 
I.fixlO7  r*  and  Q3914  =  5.1x10" 10  cm3  s'*.  The  light  emissions  data  is  modeled  to  provide  a 
characteristic  electron  energy  in  Figure  2d  (Tunnetl,  1989].  The  model  is  based  on  a  three- 
state  coronal  approximation  in  a  fluid  mcdel  [Roussel-Dupre',  1989]  which  is  simplified  with 
•  steady-state  scaling  taw  (Tunnell,  1990],  The  characteristic  temperature  results  from 
predicted  ratios  of  3371/3914  emissions,  which  is  generalized  as  a  function  of  total  electron 
energy,  Et  =  (3/2)  kTe  +  (1/2)mv2rm,  to  allow  for  energy  dependences'  both  during  and 
after  the  microwave  pulse.  This  ’characteristic  energy*  represents  a  best  effort  attempt  to 
estimate  breakdown  ‘temperature*  with  limited  diagnostic  information  in  a  transient 
environment.  The  restrictions  on  interpretation  and  use  of  these  estimates  is  discussed  in 
the  theory  section  below. 

Summary  incident  power  densities  and  fluences  for  breakdown  thresholds  are 
presented  in  Figure  3.  As  expected,  minimum  power  and  fluence  requirements  occur  near 
the  matched  breakdown  condition  at  -  1  Torr,  with  breakdown  powers  rising  over  a  factor 
of  100  for  shorter  pulses  and  lower  pressures.  Lowest  power  requirements  result  with  the 
longest  pulses  and  lowest  fluence  results  with  the  shortest  pulses.  Breakdown  thresholds 
are  replotted  in  Figure  4  in  terms  of  Eeff  for  comparison  with  previous  measurements  and 
theoretical  predictions  at  different  frequencies.  Eeff  is  defined  as  Erm,/(1  -t-oityv2)*/2  where  v 
is  the  collision  frequency.  The  calculated  thresholds  are  described  furthe.  helow.  The 
present  measurements  are  found  to  agree  well  with  previous  waveguide  measurements  of 
Byrne  and  August,  with  some  departure  of  the  waveguide  measurements  at  the  lower 
pressures.  Thir  departure  may  be  expected  due  to  the  large  mean  free  pa'hs  of  electrons 
under  these  low  pressure  conditions,  which  could  result  in  collisions  with  wails.  Summary 
measured  median  emission  ratios  are  presented  in  Figure  5.  Anomalous  behavior  of  640  ns 
data  at  0.01  Torr  in  Figure  5  is  suggestive  of  possible  breakdown  difficulties  associated  with 
energetic  electrons  escaping  the  breakdown  region  and  penetrating  the  anechoic  material  on 
the  walls  of  the  vacuum  vessel. 

Figure  6  shows  typical  variations  of  breakdown  geometry  with  pressure  for  single 
layer  formation  with  75  ns  pulse  lengths.  It  is  observed  that  sharper  density  gradients  and 
greater  inner  layer  structure  occurs  at  higher  pressures  with  a  more  diffuse  and  smooth 
structure  occurring  at  lower  pressures.  Figure  7  shows  multiple  layer  formation  for  a  75  ns 

pulse  at  0.1  Torr  and  a  400  ns  puise  at  3  Torr  in  which  the  microwave  power  is  increased  in 

excess  of  the  single  layer  threshold.  Again,  greater  structure  is  apparent  at  the  higher 

pressure,  in  part  due  to  high  reflect:vity  from  initial  ionization  layers  to  form  a  modified 

interference  pattern  and  additional  intermediary  ionization  layers. 

Repetitive  pulse  experiments  fro.n  AIM-111  were  performed  in  the  same  experimental 
geometry  as  A1M-II.  To  achieve  repetitive  pulse  operation,  the  triggering  arrangement  for 
the  klystron  system  was  modified  to  allow  bursts  of  microwave  pulses  with  a  repetition 
pulse  frequency  up  to  500  Hz  (interpulse  period,  IPP,  down  to  2  ms)  and  sequences  up  to 
100  pulses  long,  once  every  2  seconds.  Moreover,  there  was  the  ability  to  step  the 
microwave  power  an  arbitrary  amount  between  any  two  pulses  This  capability  allowed  the 
operation  in  three  modes:  mode  1  consisted  of  constant  amplitude  adjusted  to  threshold 
conditions  on  the  first  pi  'se  (but  in  excess  of  threshold  for  the  'ubsequent  pulses),  mode  2 
consisted  of  the  first  pulse  amplitude  adjusted  to  threshold  while  subsequent  pulse 
amplitudes  are  reduced  to  a  constant  level  consistent  with  repetitive  pulse  threshold 
conditions,  and  mode  3  consisted  of  constant  amplitude  reduced  to  below  a  single  pulse 
threshold  value  but  consistent  with  a  repetitive  pulse  threshold  conditions,  resulting  in  slow 
buildup  of  density  to  breakdown  conditions  over  several  pulses.  Emphasis  was  placed  on 
operation  in  modes  1  and  2.  The  most  significant  change  in  diagnostic  measurements  from 
AIM-II  was  the  incorporation  of  an  array  of  fast  digitizers  to  record  the  data  from  three 
pulses,  arbitrarily  chosen,  in  the  fast  sequence  of  repetitive  pulses.  Typically,  the  first  three 
putses  were  recorded  since  they  exhibited  the  greatest  change  in  behavior  from  pulse  to 
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poise.  Comparison  of  the  third  end  1 00* h  pulse  found  lilile  difference  in  breakdown 
panmetert. 

Mode  I  operation  ii  qualitatively  made  dear  in  the  images  presented  in  Figure  8  for 

OJ  Ton.  640  ns  pulse  length,  and  3  ms  IPP  operation.  Pulse  I  displays  a  single  simple  AIM 

formation  typical  of  threshold  conditions.  Pulse  2  displays  multiple  AIM  structure  typical  of 
poorer  levels  above  threshold  conditions.  The  structure  after  pulse  2  then  slowly  evolves 
over  tens  of  pulses  to  that  teen  ia  the  figure  in  which  a  more  diverse  distribution  occurs. 
This  evolution  it  indicative  of  high  ionization  levels  driven  during  the  pulse  duration  which 
are  partially  refractive  and  reflective  and  lead  to  more  complicated  structures  than 
determined  by  the  initial  beam  geometry.  The  latent  ionization  after  each  pulse  resembles 
this  complicated  structure  and  therefore  leads  to  a  slowly  changing  initial  condition  for  each 
subsequent  pulse.  However,  the  most  dramatic  change  occurs  between  the  first  and  second 
pulses  in  which  the  mean  initial  ionization  Uvet  eaperiences  the  greatest  increase.  An 
anticipated  result  of  mode  I  operation  wat  that  the  itructure  would  evolve  to  become 
diffuse,  structureless,  and  reproducible,  so  u  to  offer  more  utility.  This  result  was  not 
obtained. 

A  more  reproducible  breakdown  occura  in  mode  2  operation,  as  displayed 

qualitatively  in  the  images  of  Figure  9  for  0.3  Tort,  640  ns  pulse  length,  and  10  ms  IPP 

condition;.  Ail  AIM  structures  out  to  beyond  pulse  100  are  observed  to  be  composed  of 

simple  single  layer;,  with  later  pulses  indicating  a  more  diffuse  distribution  of  ionizaiion 
associated  with  an  enhanced  local  ionizaiion  distribution. 

As  indicated  above,  mode  2  operation  constitutes  the  ability  to  run  a<  reduced  power 
levels  because  of  the  latent  ionization  from  previous  pulses  reducing  the  required  increase 
in  electron  density  to  reach  breakdown  conditioni.  By  constructing  the  ratio  of  power 
between  the  second  and  first  pulse  in  mode  2  operation,  a  measure  of  'he  effectivenes  of 
repetitive  pulsing  on  power  reduction  is  arrived  at  for  sustainment  of  an  AIM.  Figure  10 
presents  this  ratio  as  a  function  of  seveial  IFPs  and  pre«sures.  The  greatest  reduction  in 
sustainment  power,  a  factor  of  as  much  as  8  dB.  it  obtained  at  lower  pressures  where 

ionization  decay  occurs  most  slowly.  Desoite  this  power  reduction,  absolute  power  levels  are 
still  significantly  higher  at  lower  pressure  than  at  higher  pressures  near  matched  conditions 
(I  to  3  Tore).  Hence,  even  though  there  is  an  efficiency  improvement  with  repetitive 
pulling  at  a  given  pressure,  the  optimum  pressure  still  appears  near  the  matched  pressure 
condition 

In  mode  1  operation  a  significant  change  in  timing  of  breakdown  occurs  between  the 

first  and  second  pulse.  This  timing  difference  can  be  used  to  infer  an  average  decay  rate  in 

the  long  interpulse  period  between  the  pulses  and.  hence,  the  ionization  density  available 
for  AIM  applications  By  essuming  simple  repetitive  eiponenlia!  density  growth  and  decay, 
estimating  initial  and  maaimum  electron  densities,  and  measuring  times  to  breakdown,  we 

may  estimate  decay  rates  and  minimum  austainment  density.  As  an  ezample  for  the 

conditions  of  10  Tore  and  3  ms  IPP,  we  infer  an  interpuisc  decay  time  constant  of  380  ps, 

and  a  minimum  austainment  density  of  4.3  x  107  cm1.  Though  the  growth  rate  it 
dependent  or  power,  the  decay  rate  is  not.  Hence,  decay  rites  inferred  in  this  manner  may 
be  compared  with  other  mei'iired  decay  rates,  as  is  done  below  for  example  cases.  It  is 
found  that  these  inferred  decay  rates  compare  favorably  with  those  measured  directly  in 
AIM-IV  for  low  density  decay.  The  change  in  decay  rates  from  the  rapid  post-pulse  decay 
to  the  slower  interpulse  decay  is  discussed  below  in  the  context  of  electron  attachment  and 
other  processes. 

4.  Ionization  Decay 

Decay  of  the  ionization  after  the  microwave  pulse  is  of  critical  interest  in  assessing  the 
utility  of  the  ionization  layer.  Three  measurements  of  decay  have  been  performed:  I) 
direct  x-band  interferometry  of  the  layers  formed  in  AIM-II  and  AIM-Ill  in  the  immediate 
post-pulse  period  with  a  sensitivity  range  of  -  I  x  1010  to  -1  xlO13  cm  3.  2)  infetred  decay 
ratet  from  changes  in  breakdown  liming  during  repetitive  pulse  operation  of  AIM-Ill  in  the 
extended  interpulse  period  with  low  accuracy  but  a  large  eflective  range  of  -  I  a  105  to  -  I  x 
10’0  cm’ 3,  and  3)  direct  microwave  cavity  perturbation  measurements  of  low  density  decay 
iu  AIM-IV  which  is  representative  of  the  iuterpulse  period  with  a  sensitivity  of  2  a  10s  to  I 
x  !07  cm  3  and  high  accuracy.  The  most  substantive  of  these  measurements  is  the  cavity 
measurements  in  which  a  cavity  resonant  at  329  MHz  was  placed  at  the  focus  of  the  s-btnd 
beam  without  a  reflecting  plate.  Measurements  of  the  plasma-induced  ahift  in  the  resonant 
frequency  and  Q  provided  determination  of  the  density  and  collision  frequencies  [Eckstrom 
et  al„  1987).  A  sammrry  of  these  measurements  and  simple  estimatei  of  expected 
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— rliniimt  contributing  to  the  decay,  are  thown  in  Figure  II.  The  AlM-il  post-pulse 
interferometry  retain  are  depicted  by  a  bold  apper  line,  the  AIM-Ill  interpulte  inferred 
decays  at  a  few  representative  high  pressures  are  shown  as  a's,  and  the  AIM  -IV  interpulse 
cavity  measurements  are  depicted  by  a  bold  lower  line.  The  large  difference  of  decay  rates 
between  the  poet-pulse  period  and  interpulse  period  is  expected  as  a  result  of  the  change  in 
dominant  decay  mechanisms  with  cooling  temperature  and  declining  electron  density.  As 
teen  in  Figure  II,  2-body  dissociative  attachment  to  O*  and  dissociative  recombination 
appear  to  dominate  at  higher  pressures  during  the  post-pulse  period.  During  the  interpulse 
period,  it  it  observed  that  3-body  attachment  and  detachment  contributes  strongly  to  the 
decay  rate  at  high  pressures  with  diffusion  dominating  at  the  low  pressures.  As  inferred 
from  the  more  precise  cavity  measurements,  the  useful  plasma  lifetimes  during  the 
ioterpulse  period  are  in  the  range  of  20  to  40  ms  at  the  lower  pressure  ranges  of  the  AIM 
experiments,  decreasing  to  about  I  ms  at  30  Ton. 

5.  Sustainment  Chemistry 

Changes  in  the  air  constituent:  during  and  after  AIM  breakdown  are  of  interest  foe 
two  areas:  1)  contributions  to  variation  !a  the  threshold  for  breakdown,  and  2) 
contributions  to  nitric  oxides  which  would  contribute  to  cxtalytic  depletion  of  ozone  it  lower 
xititudes.  The  first  concern  is  mitigxted  by  the  expectation  that  upper  atmospheric  winds 
and  breakdown  induced  turbulence  would  replenish  the  breakdown  volume  with  a  standard 
air  mixture.  The  second  concern  has  a  potential  environmental  impact  that  must  be 
carefully  resolved  by  a  combination  of  laboratory  measurements  and  modeling  of  ion 
production  rates,  as  well  as  comprehensive  global  atmospheric  convection  modeling.  In 
AIM-V,  chemistry  measurements  of  high  repetition  breakdown  in  a  small  volume 
waveguide  configuration  were  performed  with  both  mass  spectroscopy  and  optical 
absorbancy  [Hunton,  19901.  The  repetition  rate  of  breakdown  was  typically  313  Hz  with  1 
ps  pulse  lengths  and  working  pressures  varying  from  0.3  to  200  Torr.  Previous  optical 
absorbancy  work  [Askarjan,  ct  at.,  1988)  had  indicated  substantial  production  of  NO2  at 
similar  energy  depostition  ratei,  but  over  a  limited  pressure  range  above  100  Ton.  The 
present  measurements  corroborated  previous  high  pressure  work,  but  extended  to  examine 
additional  chemical  products  under  more  appropriate  conditions  for  AlMs:  lower  pressures, 
lower  microwave  frequencies,  and  higher  repetition  frequencies.  Indeed,  the  present 
absorbancy  measurements  proved  insensitive  below  about  20  Torr  which  required  the 
spectroscopy  measurements  to  examine  the  AIM  pressure  range  of  interest  which  typically 
extends  from  about  3  Torr  to  below  0.1  Torr.  Three  primary  gaseous  products  were  found 
ia  the  spectroscopy  measurements:  NO,  NO2  and  N2O.  In  Figure  12,  time  history  results  of 
NOg  formation  are  shown  from  simultaneous  aborbancy  and  spectroscopy  measurements. 
The  typical  experimental  cycle  is  shown  as  consisting  of  a  10  minute  repetitive  discharge 
period  followed  by  a  10  minute  inactive  period  during  which  the  microwaves  are  turned  off. 
Mass  spectra  were  recorded  once  every  minute.  A  summary  of  all  three  species  formed 
under  different  conditions  is  presented  in  Figure  13.  Whereas  NO2  is  formed  predominantly 
at  higher  pressures,  N2O  is  formed  at  lower  pressures  while  NO  is  formed  under  all 
conditions.  Though  the  mechanisms  leading  to  NO  and  NO2  are  well  documented,  the 
formation  mechanism  for  N2O  is  somewhat  uncertain.  However,  the  appearance  of  N2O  at 
low  pressures  is  suggestive  of  a  dependence  on  the  energetic  electrons  present  in  low 
pressure  microwave  air  breakdown. 

6.  Thioretical  Modeling 

Ine  ordering  of  theoretical  review  associated  with  AIM  laboratory  experiments 
arogresses  here  from  the  simplest  and  most  tractable  models  to  the  sophisticated  and  most 
detailed  modeling:  steady-state  scaling  laws,  fluid  time-dependent  simulations,  kinetic  time- 
dependent  simulations  and,  finally,  inclusion  of  extensive  chemical  reaction  sets. 

Steady-ttate  scaling  laws  for  breakdown  parameters,  (e.g.,  ion:?ation  rate,  momentum 
exchange  rate,  electron  kinetic  energy  or  dri":  velocity,  and  electron  thermal  energy)  are 
desirable  in  reducing  the  complicated  coupled  dependence  of  the  parameters  in  the 
equations  describing  breakdown.  Steady-sute  scaling  laws  are  arrived  at  by  first  refining 
tbe  scaling  dependence  of  breakdown  parameters  on  Eeff/P  to  include  the  electric  field 
dependence  in  collision  rates,  and  then  by  repeated  running  of  the  fluid  model  for  constant 
rms  microwave  field  values  to  arrive  at  steady-state  parameter  dependence.  Since  Etff  is 
dependent  on  the  collision  frequency,  implementation  of  this  new  universal  scaling  law  is 
less  convenient  than  previous  simpler  scaling  laws,  necessitating  an  iterative  tabular 
interpolation.  however,  the  results  thown  in  Figure  14  of  frequency  insensitivity 
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substantiate  the  applicability  of  this  new  acalinj.  The  resulting  scaling  laws  for  breakdown 
parameters  are  usable  with  square  pulse  envelopes  for  rapid  solution  of  microwave 
propagation  and  breakdown  over  large  propagation  paths  associated  with  AIM  scenarios,  as 
seen  in  the  example  of  the  next  section,  or  for  rapid  survey  of  parameter  space  for  obtaining 
optimum  conditions  for  particular  experiments.  Caveats  implicit  in  the  use  of  these  scaling 
laws  include:  1)  the  assumptions  of  a  steady-state  and  a  square  pulse  require  transient 
effects  associated  with  finite  rite  times  to  be  explicitly  modeled;  2)  the  use  of  aa  effective 
field  assumes  that  a  i  v  In  order  for  the  rms  electric  field  to  enter  into  the  selling;  st  high 
pressures  when  v  »  a  the  instantaneous  electric  field  defines  the  plasma  properties;  hence, 
an  average  rate  must  be  calculated  to  characterize  the  time  to  breakdown  accurately;  and  3) 
kinetic  effects  are  generally  Important  in  predicting  breakdown  threthnlds  particularly  at 
high  field  itrengths  and/or  low  pressures  and  low  field  itrengths  and/or  high  pressures. 
Figure  15  displays  in  example  of  kinetic  effects  influencing  the  ionization  rate. 

Time-dependent  fluid  models  were  used  lo  investigate  the  mean  properties  of  the 
breakdown  plasma  produced  In  the  laboratory  experiments.  Both  1-D  and  2-D  models  were 
atfiized  [Rouisel-Dupre'  and  Armstrong  1938;  Mayhall,  et  al.,  1988).  The  1-D  model  results 
are  briefly  described  here.  The  fluid  equations  are  derived  from  the  Boltzmann  equation 
assuming  a  lirlfted  Maxwellian  for  the  electron  velocity  distribution  function.  Appropriate 
moments  of  the  Boltzmann  equation  are  performed  to  obtain  equations  for  particle, 
momentum  and  energy  conservation.  In  each  case,  the  collision  integrals  which  incorporate 
elastic,  inelastic  and  ionization  processes  through  energy  dependent  cross-sections  reduce  to 
rate  coefficients.  Electron  spatial  diffusion  and  ponderomotive  effects  are  neglected.  These 
equations  advance  the  local  fluid  parameters  in  time  with  E  being  determined  from  a  1-D 
wave  equation  which  describes  field  propagation  through  the  fluid.  Introducing  *n  area 
factor  into  the  wive  equation  that  changes  along  the  path  of  propagation  and  making  use  of 
Poynting's  theorem  results  in  discrete  terms  which  provide  the  effects  of  reflection, 

propagation,  focusing  and  fluid  coupling.  The  fields  are  advanced  in  time  and  space  with  the 
current  density  being  determined  from  the  fluid  equations.  In  the  present  experimental 
simulation  a  distinction  between  propagation  directions  in  the  equation  is  included  by  the 
introduction  of  left  and  right  propagating  components  of  the  wave  field  and  corresponding 
area  factors.  The  area  factors  are  obtained  from  measurements  taken  along  the  2-D 

propagation  path  and  folded  into  an  equivalent  1-D  simulation.  Optical  emissions  in  the  N2 

3371  A  and  N2+  3914  A  bands  are  calculated  as  described  above. 

Detailed  results  from  1  Tore  calculations,  based  on  the  incident  waveform  cf  Figure  2. 
are  thown  in  Figure  16.  Figure  16a  shows  the  time  history  of  the  microwave  pulse  at  a 
quarter  wavelength  from  the  reflecting  surface.  This  waveform  corresponds  directly  to  the 
transmitted  pulse  in  the  experiment.  Note  that  aevere  attenuation  occurs  at  approximately 
150  ns  into  the  poise  in  rough  agreement  to  the  value  of  120  ns  measured  in  the 
experiments.  An  additional  feature  is  the  existence  of  a  significant  tail  on  the  transmitted 
pulse,  in  qualitative  agreement  with  the  data.  Plots  of  electron  density,  mean  kinetic  energy 
and  thermal  energy  vs.  time  are  also  ihown  in  Figures  16b  and  I6d.  The  calculated 

ionization  and  momentum  exchange  rates  are  Vj  =  3.1  x  10*  S'1  and  Vn  =  2.0  x  1010  r1, 
respectively.  Plots  of  the  volume  emlssivity  are  shown  in  Figure  17c.  Note  that  the 
normalized  peak  of  3914  A  proceeds  that  of  3371  A  by  about  15  ns,  compared  with  the 
measured  value  of  23  ns.  In  absolute  magnitude  the  3914  A  emissivity  is  calculated  to  be 
about  a  factor  of  87  lesa  than  that  of  3371  A  while  measurements  yield  ratios  of  from  2.5  - 
6.6. 

At  this  point  in  the  analysis  of  data  we  find  that  the  fluid  calculations  of  the 
breakdown  times  (ionization  rates)  are  In  good  agreement  with  the  experiments  at  I  Tore. 
In  other  simulations  at  3  Tore  the  agreement  is  less  satisfactory  while  substantial 
diacrepancies  exist  at  the  lower  pressures.  This  trend  is  supported  by  prevjoos  microwave 
breakdown  measurements  aa  well.  Figure  4  illustrates  this  fact  quite  clearly.  Note  the 
aignificant  scatter  in  the  data  taken  at  low  pressures  (data  above  200  V/cm/Tore  were 

generally  taken  it  pressures  <  1  Tore).  Note  also  that  the  kinetic  results  are,  on  avenge,  in 
better  agreement  with  the  breakdown  times  at  low  pressure.  The  transmitted  pulse  shapes 

decay  at  a  rate  faster  than  predicted  at  1.0  and  0.1  Tore,  suggesting  that  the  collisionaliiy  of 

die  plasma  is  higher  than  predicted  —  perhaps  due  to  the  existence  of  anomalous  wave 
particle  interactions.  The  decay  at  0.03  Tore  is  less  than  predicted  by  fluid  theory,  a  result 
that  could  be  explained  by  kinetic  effects  (see  below). 

The  photometer  measurements  often  yield  intensity  ratios  significantly  different  from 
theory.  We  believe  that  this  discrepancy  reflects  our  inability  to  completely  model  the 

temperature  relaxation  of  the  plasma  accurately  with  a  fluid  model.  Both  emission  pulses 
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m  in  good  agreement  with  the  simulation!  in  terms  of  the  rise  in  intensity,  the  time  of  the 
peak  intensity,  and  the  decay  of  the  pulse  (maximum  discrepancies  of  3C-S0  %).  The 
observed  delay  in  peak  emission  is  consistent  with  a  60  ns  life  time  for  the  3914  A 
transition.  in  both  experiment  a^d  theory  the  decay  for  3914  A  it  consistent  with 
qoeaching  and  spontaneous  decay  rates.  However,  for  3371  A  the  decay  rate  is  less  than 
expected  and  suggests  the  existence  of  additional  heating  or  enhanced  excitation,  in 
general,  it  appears  that  3371  A  emission  is  very  sensitive  to  the  evolution  of  the  electron 
energy  tail  which  may  be  influenced  by  conduction  or  diffusion  effects  not  included  in  the 
simulation. 

Kinetic  effects  were  studied  through  detailed  solutions  of  the  Boltzmann  equation  for 
air  breakdown,  which  yielded  highly  non-Maxweltian  distribution  functions  under  some 
conditions.  As  an  example  of  kinetic  effects  the  calculated  ionization  rate  is  shown  in  Figure 
13.  For  energies  less  than  73  ev  the  icnization  rate  is  higher  for  kinetic  calculations  due  to 
the  presence  of  a  high-energy  tail  while  for  greater  energies  the  ionization  rate  is  less  due  to 
runaway  depletion  of  the  tail  of  the  distribution  function.  The  fact  that  the  computed 
ionization  rate  at  3  Ton  (electron  energy  of  3.7  ev)  is  less  than  the  measured  rate  and 
higher  than  that  measured  at  pressures  less  than  1  Torr  (electron  energies  greater  than  10 
ev)  is  evidence  for  these  effects.  Similar  results  are  apparent  in  Figure  4  where  the 
agreement  between  experiment  xnd  kinetic  theory  is  better  than  with  fluid  theory  at  low 
pressure.  To  the  extent  that  the  excitation  ratios  shown  in  Figure  16  are  indicative  of  the 
relative  line  redos,  kinetic  theory  would  predict  a  tower  ratio  below  20  ev  and  a  higher  one 
above  20  ev  than  fluid  theory,  in  qualitative  agreement  with  the  experimental  results. 

Finally,  air  chemistry  computations  have  been  performed  for  various  AIM  geometries 
which  lake  into  account  35  chemical  species  [Zinn,  1989].  For  the  conditions  of  120  ns 
pulses  separated  by  1  ms  focused  to  result  in  cridcal  density  breakdown  at  an  altitude  of 
approximately  45  km,  it  is  first  found  that  the  neutral  gas  is  heated  to  temperatures 
exceeding  5000  ’K.  These  high  temperatures  would  lead  to  strong  turbulent  mixing  of  the 
air.  Local  NO  production  ratet  are  found  to  be  -  6  x  10!3  cm'3*-'  at  this  altitude.  This  rate  is 
lignificant  with  respect  to  delectable  local  ozone  depletion  if  the  breakdown  volume 
approaches  -  HHm3.  Figure  17  shows  calculated  NO  concentration  evolution  over  the  first 
few  seconds  of  sustained  breakdown.  Under  conditions  of  low  pulse  rate  operation  in  this 
altitude  range  or  high  pulsr  rate  operation  at  higher  altitudes,  NO«  concentration 
enhancements  appear  negligible.  These  results  are  preliminary  and  require  further 
refinement  with  global  atmospheric  convective  models  to  confidently  resolve  existence  of 
collateral  atmospheric  hazards. 

7.  Atmospheric  Experiment  Implications 

The  laboratory  experiments  and  theoretical  modeling  provide  the  groundwork  for 
rudimentary  design  of  an  atmospheric  experiment,  given  an  optimization  criteria.  Several 
optimization  criteria  are  available  depending  on  the  application  and  availability  of 
resources:  frequency  selection,  pulse  duration,  power  density,  pressure  (altitude),  fiuence, 
or  breakdown  size.  Cost  is  chosen  here  as  the  driving  factor,  which  is  assumed  to  relate  to 
breakdown  cross  sectional  size  and  required  fiuence.  We.  first  make  use  of  the  scaling 
relationships  referred  to  above  in  establishing  optimization  criteria  for  minimized  fiuence, 
check  the  criteria  with  the  laboratory  measurements,  and  then  combine  the  criteria  with 
electro/rtecbanical  constraints  of  existing  resources  to  arrive  at  a  minimum  proof-of- 
concep*  experiment.  Finally,  a  simulation  of  the  approximate  optimal  conditions  is 
performed  to  include  self-action  phenomena. 

Fiuence  optimization  begins  with  rewriting  the  simple  relationship  of  fiuence,  F  = 
(EIrm«/377)TgD.  in  terms  of  the  breakdown  parameters  Ecff/P  and  vm/co,  and  optimizing  with 
respect  to  these  parameters.  All  other  breakdown  parameters  are  then  obtainable  from  the 
scaling  laws.  The  breakdown  time,  tgD.  is  arrived  at  by  assuming  a  breakdown  criteria  of 
10*  electron  density  gain,  and  using  an  empirical  formula  for  ionization  rate  derived  from 
experiments  {All,  1988].  The  rms  field  is  rewritten  as  the  effective  field.  Optimization  of 
fiuence  with  respect  to  the  breakdown  parameters  obtains  the  matched  condition  described 
earlier,  to  =  vm,  and  the  primary  optimization  criteria  of  Etfr/P  =  0.029  (V/nt/T).  A  summary 
of  optimization  criteria  may  be  written  as: 

P(T)  =  0.75  f(GHz) 

EtrrfV/m)  =  0.029  P(T) 

F(J/mJ)  =  0.4  P(T) 

tBD(ns)  =  !32.0/P(T) 
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Reduction  cf  the  breakdown  tree  to  minimal  size  require!  maximizing  antenna  gain; 
i.e.,  maximizing  antenna  size  and  minimizing  wavelength.  Though  there  it  a  tradeoff  here 
with  respect  to  ■:  expense  of  production  of  energy  at  different  frequencies  re-iew  of 
available  resourr  ,  suggests  minimal  equipment  development  if  use  of  the  Arecibo 
Observatory  300  r.  antenna  dish  in  a  tingle  beam  system  and  the  Stanford  Linear 
Accelerator  (SLAC  2  856  GHz  klystrons  are  utilized.  Choosing  f  =  2.856  GHz  results  in  P  =  2 
T,  Ecff  »  32  kV/rr  (14  MW/m!),  F  =  0.9  J/m2,  and  sbd  »  60  ns.  Checking  with  the  measured 
optimum  conditions  for  fluence  in  Figure  3  verifies  these  parameters  (where  the  tingle 
beam  fluence  for  a  two  beam  system  must  be  multiplied  by  four  to  obtain  a  single  beam 
system  equivalent  fluence).  The  diffraction  limited  spot  size  of  the  300  m  dish  with  this 
frequency,  focused  at  60  km  is  22  m,  located  at  -  43  krn  altitude.  This  results  in  a  required 
radiated  pu'se  energy  of  -  340  J,  or  -0.9  kJ  initial  pulse  energy  assuming  -  40  %  efficiency  in 
poise  compression  and  transmission.  Current  SLAC  klystrons  produce  30  MW  in  10  us 
pulses,  or  -  300  J.  Hence,  a  minimum  system  would  consist  of  3  ea  klystrons  with  pulse 
compression.  Different  pulse  compression  techniques  are  available,  bat  the  maximum 
compression  demonstrated  in  experiments  is  -  x  100  (Alvarez,  1986;  Alvarez,  et  al.,  1936). 
Hence,  100  ns  pulses  should  be  obtainable,  at  an  approximate  match  to  the  above 
optimization.  Thus,  a  minimum  proof-of-concept  AIM  atmospheric  experiment  might 
consist  of  3  klystrons,  the  Arecibo  dish  focused  to  give  «  22  ir.  spot  size  with  3.6  GW  pulses 
lasting  100  ns.  Alternatively,  a  430  MHz  frequency  choice  (an  estab’ished  radar  frequency 
at  Arecibo  Observatory)  results  in  a  higher  altitude  and  lower  fluence  requirement,  but  a  i 
10  increase  in  energy  due  to  the  reduced  antenna  gain.  Further  power  conditioning 
development  appears  required  to  employ  UHF  frequencies  in  an  Arecibo-based 
demonstration  experiment. 

To  examine  this  scenario  in  greater  detail,  a  simulation  was  performed  with  a 
simplified  version  of  the  1-D  fluid  code  in  which  the  high  frequency  limit  (tv  «  tv)  for  the 
plasma  dielectric  constant  was  assumed.  The  results  are  presented  in  Figure  18  showing  the 
fluence  enhancement,  or  gain  factor,  over  initial  300  m  aperture  fluence,  both  without 
(dashed  line)  and  with  (solid  line)  breakdown.  The  enhancement  without  breakdown 
represents  the  near  field  focus  from  the  300  m  dish  down  to  the  22  m  focus  spot.  The 
truncated  enhancement  with  breakdown  represents  the  attenuation  of  the  tail  of  the  pulse 
("uil  eiosion')  by  the  electron  density  buildup  resulting  from  the  front  of  the  pulse.  This 
phenomenon  is  similar  to  the  pulse  attenuation  teen  in  laboratory  data  of  Figure  3,  but  is 
associated  with  long  path  lengths  and  low  densities  only  found  in  atmospheric  experiments. 
Even  with  the  indicated  severe  tail-erosion,  density  gain  is  observed  to  be  -  107,  a 
satisfactory  value  for  initial  experiments.  Electron  temperature:  rose  to  -  12  eV.  A  four 
klystron  timulation  was  also  run  to  attempt  additional  density  enhancement.  However,  only 
a  factor  of  x  2  increase  in  density  was  obtained  as  a  result  of  even  earlier  onset  of  tail 
erosion.  Hence,  tail-erosion  is  observed  to  be  a  strong  limitation  in  single-beam  systems. 

8.  Conclusions 

Laboratory  measurements  and  supporting  theoretical  modeling  described  here  have 
demonstrated  the  feasibility  cf  producing  and  maintaining  a  microwave-induced  ionization 
layer  under  upper  atmospheric  conditions  within  existing  technology  constraints.  However, 
critical  issues  of  tail -erosion  of  the  microwave  pulse  over  long  atmospheric  paths,  control  of 
the  ionization  geometry  for  specular  RF  reflection,  and  management  of  collateral 
environmental,  biological  ard  electronic  hazards,  require  funher  review  in  the  context  of 
specific  atmospheric  experiment  designs. 


This  work  performed  under  the  auspices  of  the  US  DOE  and  supported  in  part  by  the  US  Air 
Force, 
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FIGURES 


Figure  1.  Experiment  schematic  for  AIM-II  and  HI  research  campaigns. 
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Figure  2.  Example  experimental  data  time  histories  for  AIM-II  1  Torr  conditions. 


Figure  6.  Pretsore  verittioo  of  lingle  Uyer  breikdown  geometry. 
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Figure  7.  Multiple  layer  breakdown  geometry  for  0.1  Torr  (left)  and  3  Torr  (right). 
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Figure  8.  Mode-1  breakdown  evolution.  Figure  9.  Mode-2  breakdown  evolution. 
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10.  Repetitive  pulse  reduction  of 
sustainment  power. 

Oi  Pressures  (200  Terr  Air  in  WC) 


Figure  11.  Ionization  decay  rate  summary. 
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12.  NO2  rise  from  light  absorbancy  Figure  13.  Mole  fractions  of  N,0»  products 
and  mass  spectroscopy.  from  mass  spectroscopy. 


Figure  14.  Steady  state  scaling  of  T*  vs  EJP  Figure  15.  Predicted  kinetic  ionization  rite 
foe  frequencies  from  DC  to  10  GHz.  (solid)  and  fluid  model  result. 


■teak 


Figure  17.  Calculated  concentration  of  NO  Figure  18.  Arecibo  Observatory  proof  of 
produced  by  sustained  AIM  concept  experiment  simulation, 

operation  at  -  45  km  altitude. 
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DISCUSSION 

D.  PXPADOPCKJLOS,  US 

1  would  comment  that  I  view  tall  erosion  at  on*  of  the  beneficial  items,  since  it 
allows  us  to  control  the  shape  of  the  layer  and  avoid  reaching  critical  frequency 
with  its  associated  uncontrollable  structure. 

AUTHOR'S  REPLY 

Tall  erosion  within  the  conditions  discussed  in  this  paper,  ixxnurs  at  densities  of 
107-10*  cm'3.  This  effect  prevents  access  tc.  densities  of  10®-10*  cm  3  which  are  of 
interest  in  maximizing  ionization  lifetimes  and  accessing  higher  reflection 
frequencies.  These  densities  are  still  voll  below  the  critical  density  of  10  cm 
for  condition s  considered  in  this  paper.  Tail  erosion  contribution  to  the  shape  of 
the  layer  depends  on  the  specific  syste*  design,  but  appears  to  necessitate  multiple 
beams  or  extremely  large  apertures  for  higher  frequency  systems. 
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AB^  IkACT 


A  M  of  panne!  pUsma  Uyers  b  generated  by  two  mtme-ting  microwave  pulses  m  a  chamber  containing  dry  air  at  aycanrr 
CBtpWbte  lo  the  opper  atmosphere.  The  depcoderxies  of  breakdown  conditions  or  the  preuurt  and  pube  length  are  examined.  The  rods  m 
Wwm  «o  be  consistent  with  the  appearance  of  tad  erosion  of  microwave  pulse  caused  by  air  brtriufcwa.  A  Bragg  Marring  expenanamg 
tee  plasma  layen  at  a  Bragg  re  Hector  a  then  performed  Both  time  domain  and  frequency  domain  measurements  of  wave  >"■■!  are 
oonduacd  The  experiment  results  are  found  id  agree  very  well  with  the  theory.  Moreover,  the  time  domai*  measurement  of  »**rroenag 
provides  an  anambiguous  way  for  determining  the  temporal  evolution  of  election  density  dorin|  the  first  lOfys  period  A  tang— ■  iwHr 
probe  is  also  osed  to  determine  the  decay  rate  of  electron  density  (faring  a  User  time  interval  (Imsto  t.t  res).  TV  propagation  of  fafl power 
tacrowave  pulses  through  the  ak  is  also  studied  experimentally.  The  mechanism i  .esporsiMe  for  two  different  degree  of  tail  erotea  hr-e 
been  identified  The  optimum  amplitude  of  an  1.1(11  pube  far  nuaireuni  energy  ersmfer  through  the  ak  has  been  determined 


L  INTRODUCTION: 

k  ia  a  well  known  fact  that  conventional  line  of  right  radars  are  limited  by  their  range  nf  detection.  This  limitation  ■  — awed. 
>pwe»c/.  byoverqho-huriron  (OTH)  radar.*  .  OTH  rodars  use  iuuucphtric  plasma  to  reflect  oNky.dy  kxxknt  radar  pubes  back  to  Re  ground 
a  datarre  away  from  the  radar  see.  TV  range  of  detection  h,  b  general,  fre-j  1000  to  4000  kn  which  b  far  outside  the  ranpr  of  fiaerf right 
(  about  400ba  ).  Since  the  radar  pubes  wn  coming  down  from  tee  torrMphere.  moving  target,  can  be  deseccd,  in  principle,  «  aaj  ritaadr 
The  extended  range  of  desectian  of  OTH  radars  can  abo  be  roed  to  monitor  ritips  rod  oceans  to*  a  land  base.  Moreover.  OTH  rife  oar  riso 
be  roed  for  aar  traffic  control  in  areas  where  the  rimpfe  line  of  rigb*  radars  can  not  reach.  The  above  mentioned  aroactive  applicates  df  tee 
OTH  radar  ia  an  generme  a  peat  deal  of  concern  on  how  to  Improve  tee  sensitivity  of  the  OTH  radar. 

R  ■  believed  teat  tee  semhrviry  of  an  OTH  radar  can  be  improved  if  tee  capability  of  tee  OTH  radar  can  be  ciamded  wite  mpna  so 
teme  mayor  factors.  The  first  one  regards  tee  range  of  tee  radar,  ha  order  to  aroid  daoerreg  in  tee  radar  retam.  a  Urge  clearance  trgtei  ted  is 
proportion^  to  tee  height  of  tee  ionospheric  reflector  is  required.  The  aext  concerns  the  resofatioa  of  tee  rad*  which  depends  rooffr  m  tea 
radar  frequency.  The  lac  concern  la  on  the  stability  of  tee  ionosphere,  which  varies  from  day  lo  right  This  variation  *2  rifas  tee 
performance  and  reliabihry  of  tee  radar. 

Throe  crncerm  may  be  resolved  if  a  reflector  can  be  positioned  at  a  mo*  lower  altitude  whicn  is  able  to  reflect  radv  petes  *f  reach 
high  frequency  ,  la  addition.  If  the  reflector  is  made  artificially,  its  aabtfity  and  location  are  coraollable.  Two  rohemes  have  been  papased. 
Bote  schemes  roe  a  high  power  RF  breakdown  approach  for  plasma  generation^.  The  RF  pailses  rood  for  air  breakdown  rod  plasma 
— atom  nr  r  will  be  transwined  by  ground  based  phased  array  antemaa.  bt  the  firs  scheme,  only  a  tingle  focused  RF  beam  will  faeenpfoyed 
to  produce  an  ionization  peach  in  the  D  region  of  the  ionosphere.  The  RF  beam  is  required  to  be  formed  became  tee  aktoJe  b  ntiteree  tee 
tebtade  of  miniraam  breakdown  threshold.  Consequently,  the  cross  section  of  the  beam  at  the  patch  aftkode  wiB  be  too  small  ia  caaparison 
with  tee  Frssd  tire,  snd  i  acagning  process  must  be  to  coopersaed  h  the  operation  of  the  RF  besre  ia  order  to  enlarge  sad  tilt  tee  aninrina 
patch.  The  density  of  the  patch  is  expected  to  be  only  tfighdy  higher  tean  that  of  tee  F-peak  (U.  glcActe’^).  The  schematic  ronyaaa* 
of  teb  scheme  b  shown  in  Figure  I.  The  radar  resolution  any  atiH  be  improved  since  tee  leflecsor  b  located  at  a  much  lower  hri^g. 


/ 
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TV  second  scheme  can,  however,  remedy  ih ere  difficulties.  Two  crossed  beam*  are  jaopoied5  »  be  used  f«>r  plasma  generation  m 
*C»r  ink ratio*  region, «  »  altitude  beewoen  30  *td  60  km W  TV  rtofewee  be;  ween  ftc  fiddt  of  the  two  beam*  enhances  the  pr*  field 
amplitude  and,  thus,  reduces  the  requtred  power  level  of  each  RF  beam.  This,  «a  lure.  help?  to  reduce  the  propagation  k»«  «o  pulse  energy 
Wore  the  two  brant  internet  In  fact,  more  energy  util  he  delivered  to  the  destination  because  (he  jwbr  fail  cnxioc.  problem  can  V  almost 
completely  suppressed,  especially  wher.  the  intersection  altiti^te  is  chosen  to  be  near  53km  ( I  tan  presses;5  where  the  breakdown  threshold 
|i  mrkun  (so  dut  die  most  effective  ionization  patch  cao  be  achieved).  Such  a  low  attintdr  esa  be  used  because  the  ionization  patch  will 
be  titled  automatical ty  to  a  Urge  angle  (the  average  of  the  propagation  ingles  of  fe  rwo  beams).  Moreover.  (he  ioni/airn  potch  con««ts  of  a 
art  of  parallel  plasma  layers  which  we  the  consequence  of  imerferen-.e  between  the  fields  of  two  beams®**.  In  the  mtcrsectmn  region,  field 
amplitude  varies  periodically  in  space  in  the  direction  j»rpfriikv\M  to  the  plane  bisecting  the  two  beams.  Using  Bragg  reflection  to  replace 
eonvcmional  plasma  cutoff  reflection.  .-^ppicmenul  radar  may  be  possible  10  operate  at  much  high  frequency.  Using  this  scheme,  the 
location  of  the  ioni ratio*  *jy«rs  can  also  he  fixed  easily.  A  schematic  of  the  scheme  is  shown  in  Figure  1 


Fig.  I.  OTH  radar  using  artificial  plasma  patches  as  a  mirror  Fig.  <-  Two  crossed  beams  scheme 

'  We  have  conducted  a  chanbcr  experiment  to  examine  the  scientific  feasibility  of  the  second  scheme.  In  order  to  achieve  a  meaningful 

sanubtion  of  the  scheme,  three  major  issues  will  bn  addressed  by  our  chamber  experiments.  These  include  1)  the  effectiveness  of  the  plx.iru 
’  layers  as  a  Bragg  reflector.  2j  the  propagation  of  high  power  microwave  pulse  (HMP),  and  3)  the  lifetime  of  the  plasma, 

t  The  organization  of  this  paper  is  as  follows.  The  experimental  set  up  is  described  in  Sec.  IL  The  results  of  an  experiment 

determining  the  characteristics  of  air  breakdown  by  microwave  pulses  are  also  presented.  The  Bragg  scattering  experiment  is  reported  in  See 
III.  Measurements  in  both  time  domain  and  freq*>ency  domain  on  scattering  are  performed  and  compared  with  the  theory.  In  See.  IV  the 
propagation  of  high  power  microwave  pulses  through  the  chamber  is  studied.  Two  different  tail  erosion  mechanisms  arc  identified 
*  experimentally.  The  optimum  pulse  amplitude  for  maximum  energy  transfer  through  the  tur  is  also  determined.  Described  in  Scc.V  is  the 

mcasurvment  of  Langmuir  probe  on  the  density  and  temperature  of  plasma  -dectrons.  These  results  together  with  those  extracted  from  the 
Bragg  Scattering  measurement  are  used  to  determine  the  lifetime  of  plasma  electrons.  This  work  is  summarized  and  discussed  in  See  VL 

It.  EXPERIMENTAL  SET-UP  AND  AIR  BREAKDOWN  BY  MICROWAVE  PULSES 
•:  Experiments  are  conducted  in  a  large  chamber**  made  of  2  foot  cube  of  Plexiglass  and  filled  with  dry  air  to  a  pressure  corresponding 

'(  IB  the  simulated  altitude.  The  microwave  power  is  generated  by  a  single  magnetron  tube  (OKHI448)  driven  by  a  soft  tube  modulator.  The 

:  reagnetron  delivers  1  megawatt  peak  output  power  at  a  center  frequency  of  3.27  GHz.  The  modulator  uses  a  pulse  forming  network  having  a 

j  poise  width  which  can  be  varied  from  Lips  to  3.3ps  with  respective  repetition  rates  from  60  to  20  Hz.  Two  microwave  beams  are  fed  into 

»  *e  cube,  whh  parallel  polarization  direction,  by  two  S-band  microwave  boms  placed  at  right  angles  to  the  adjacent  sides.  The  plasmi  layers 

(  .  _ 

|  ■re  then  generated  in  the  ccnfa?  region  of  the  chamber  where  the  two  beams  intersect  Shown  in  Fig,  3  is  a  photo  of  the  plasma  layers  which 

|  are  manifested  by  the  enhancement  of  airglow  from  the  corresponding  locations.  A  maximum  of  eight  layers  can  be  generated,  thought  only 

:  seven  of  them  are  shown  m  the  photo.  Shown  in  Fig.  4(a)  is  the  typical  envelope  of  a  Lips  pulse  used  foe  plasma  generation.  Using  a 

.  focusing  lens  to  localize  the  enhanced  airglow,  its  temporal  evolution  between  the  two  consecutive  pulses  is  then  recorded  on  the  oscilloscope 

!  through  a  photcmoltiplicr  tube.  A  typical  result  is  shown  m  Fig.  4(b),  which  shows  the  growth  and  decay  of  the  enhanced  airglow. 

|  Breakdown  of  air*  was  detected  either  visually,  as  the  first  sign  of  a  glow  in  the  chamber,  or  as  the  distortion  m  the  shape  of  the  pulse 

I  received  by  the  horn  placed  at  the  opposite  side  of  the  chamber.  The  dependence  of  the  breakdown  threshold  field  as  a  function  of  die  pressure 

|  -  - 

t 
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Fif  3.  f’lmma  Layers  Produced  by  crossed  micruwsve  beams 
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Fif.  4.  TV  optcal  Hvasjrrmem  o I  the  tirgbw  from  ■  plasma  generated  by  rwo  intrnccunj  |.I pi  microwave  pvhe  (a)  Errrfej*  of 
I.tfLa  micrcrwave  puhri  the  horr-onal  nit  it  2COnVJviikxi  4(b)  growth  and  decay  of  (he  enhanced  airflow 

it  *e*  me— red.  The  microwave  fickl  is  measured  by  a  microwave  prebe  which  hat  been  calibrated  by  a  known  wwpndc  field.  Shows  in 
*«»«*«  Paaches  breakdown  cur\es  for  the  cases  of  l.lpj  and  3J'U  pulres  Since  a  shorter  pulse  require!  a  larger  kauorioa  rme  in 
ortfcr  m  generate  the  tame  trxxri  of  electrons.  the  threshold  field  d.  there/ ore,  acccrdingty  increased.  Tbit  tendency  it  cfcarty  fenoBMoaed  in 
Fig.  3  h  #»owi  r*m  the  breakdown  threshold  field  for  I.lps  pulse  it  always  larger  thm  that  far  a  3  3ju  pulse.  The  resokj  aho  d»w  that  in 
kd  ewac*.  (he  brc^doww  threshold  field  decreases  with  a  decrease  in  air  press  ore  and  reaches  a  minima*  m  the  2  to  1  avr  span  where 
d»Vt;  CO  and  vs  are  the  microwave  frequency  and  the  elec  iron  neu»raJ  collision  frequency,  respectively  With  a  farther  decrease  in  the 
pm  aw  ire.  the  breakdown  threshold  field  increases  aflin  The  increase  of  the  CirwheW  field  happens  alto  because  the  ware  it  *  the  pulse 
modr  TV  ionization  frequency  «nd  colltsian  frequency  are  proper  umai  to  the  neutral  density,  lower  pressure  rrqacrs  a  larger  field  in  order  to 
maintain  the  ioniuoun  frequency. 
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Fif.  5.  Dependence  of  the  air  breakdown  threshold  field  on  the  pressure  for  two  pube 
lengths  breakdown  curve  for  l.lpj  and  3.3us  purses 

The  dependence  of  the  breakdown  threshold  field  on  ihe  pressure  is  also  manifested  by  a  similar  dependence  of  V  degree  of 
anemiaum  in  the  tail  portion  of  a  single  transmitted  pulse  through  the  chamber.  The  experiment  if  performed  by  reducing  At  chamber 
pressure  consecutively  from  8  tore  to  50  m  tore,  while  the  incident  pulse  is  fried  at  constant  amplitude.  A  aeries  of  map  them  demonstrating 
this  behavior  is  presented  in  Fig.  6.  Jn  the  high  pressure  region  ( i  8  lore ),  the  breakdown  threshold  field  is  higher  than  that  of  the  incident 
pulse,  and  therefore,  very  little  ioniraticn  can  occur,  thus,  the  pulse  ean  pets  through  the  chamber  almost  without  any  di Roman  (Fig. 6(a)). 
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llowcvcr,  as  ihc  pressure  drops,  the  breakdown  threshold  riro  decreases  before  reaching  the  minimum,  and  hence,  more  ionization  occurs  and 
to  docs  more  distortion  to  the  poise  (Fig.  6(b)).  The  daiortion  always  harts  from  the  tail  portion  of  the  pulse  (i.c.  tail  erosion)  because  H 
takes  finite  time  for  the  plasma  to  build  up  and  thus,  maximum  absorption  of  poise  energy  by  the  generated  electrons  always  appears  in  the 
tail  of  the  pulse.  Consequently,  die  leading  edge  of  the  pulse  is  aot  affected.  Between  2  to  1  tor,  the  pulse  appears  to  suffer  maximum  tail 
erosion  and  hence  only  the  very  narrow  leading  edge  of  (he  pobe  can  pass  through  the  dumber  (Fig.  6(c)).  The  tail  erosion  become*  weak 
again  for  a  farther  decrease  in  the  pressure  ( Fig.  6(d))  and  eventaatty  vanishes  (Fig.  6(e))  once  the  pressure  becomes  so  low  (5  005  tore)  that 
Ac  breakdown  threshold  power  exceeds  the  peak  power  of  the  incident  pobe. 


(d)  p-045  tore 

fig.  6.  Poise  popagating  through  chamber  at  different  air  pressure  at  different  pressure 


III.  BRAGG  SCATTERING 

The  plasms  layers  generated  by  the  two  crossed  microwave  pubes  ire  user  for  the  Bragg  scattering  study®.  The  spaual  distribution  of 
the  pfttsma  layers  is  fust  measured  with  a  Langmuir  double  probe.  This  is  done  by  using  a  microwave  phase  shifter  to  move  the  plasma 
layers  across  the  probe.  The  peak  density  distribution  for  a  spatial  period  is  thus  obtained  and  presented  m  Fig.?.  The  result  shows  that  we 
hive  indeed  produced  very  sharp  plasma  layers  wkft  very  good  spatial  periodicity.  A  Bragg  scattering  experiment  has  that  been  conducted  vk) 
described  as  follows. 


Fig  ?.  Probe  measurement  of  the  plasma  peak  density  distribution  ilong  Fig  8.  Microwave  Bragg  scattering  experiment  setup 

tie  direction  transverse  to  the  plasma  layers.  Measurement  is  from  the 
rental  point  x*o  of  nwo  foj  re  to  the  midpoint  x=3.24  of  ihc  nest  foyer 
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Itore-wul  *  Kit-  lx*  blra-k  dug/ we  of  the  ci  per  meat  vciup.  U  akuuon  id  the  Ovilny  wed  (or  plasma  pauja.  ftxjted  to  ht 
k/tof  tk:  rknjUa  chamber),  *  asre^p  microwave  generator  (<4  G\h)  *  used  to  grneratc  »  ten  *m  vhrh  b  bxidett  inan  *•  chamber 
<vou£k  a  Cb**l  hai  The  modem  ingle  of  the  tesX  wive  wuh  rc*pec«  10  tfw  ocrrr.aJ  of  the  plasma  taym  ■  45  degrees,  here  i. dtt  Sbead 
lure  *2  kx*krd  m  t  right  wgk  r  (he  ■decern  tide  ei/i  be  ured  as  the  receiver  of  (he  Brzjg  Koar/rog  r*  «m  k  order  to  teparm  (he  Bragg 
crfwcm  rcflccxiDe  from  the  cotofT  reflection  mechanism.  k  kb  wive  u  swept  m  1  treqaency  range  »#.i  fcghcr  thm  *e  plasma 

frequency.  Comequendy.  lV  rest  wave  will  be  received  by  die  5  bod  horn  ft  even  while  the  plasma  e  prerat  TV  ampfcade  of  ih* 
Mhfcs-ied  a  reduced  by  a sing  a  (ktcticncJ  coupler.  *everth:fcsj,  It  represents  i  large  ante  10  (he  real  raflering  a*.  To  resolve  dus 
prabkre.  a  uwr^vd  aoix  caocetkhon  technique  a  *scd  The  microwave  corepcncnu  ated  for  ks*  canceftatioa  are  show.i  >a  kr  diagram 
(Fig  I)  As  Hf  ipectnaa  analyrer  (I569D)  u  used  fee  record  mg  the  scattering  signal  It  is  noted  that  die  U»r  edition  of  (he  dwecuonal 
coupW  b  frequency  depemfcivt.  Only  Kit  waves  with  freqjencies  leading 10  s'**  than  1 5  db  attenuation  of  he  dvrcuonai  covpfej  are  med  ro 
Dm  M(<n«ncm.  Consequently.  the  perturbation*  of  the  noise  ttgr*l  due  »  dr  province  of  the  pUima.  which  in  principle  ■  •  the  unt 
ImcwtXy  level  ar  the  scattering  signal.  a  reduced  by  IS  or  more  db  and  wi~  act  affect  (he  measurement  of  (he  Bragg  rauennf  ligraf 


(a)  Q» 

Fig.  9.  Spectn-ro  analyzer  CRT  display,  (a)  No  signal  is  received  when  the  pbsira  b  off. 
(b)  The  *pec:nxn  of  scattered  signal  detected  when  plasma  layen  t/e  present 


Prevented  «  Fig  9  arc  the  outputs  of  (he  tpect/ure  analyzers  for  two  cases  Fig  9(a)  shows  fat  no  »gia!  h  received  whe*  there  t> 
■o  pfjMvia  However,  an  appreciable  scattering  signal  is  detected,  as  show*  in  Fig  9(b)  whenever  the  plasma  layers  arc  produced  The 
frequency  of  the  le*  wave  ts  4.01  GRt.  which  b  muck  higher  than  the  cutoff  frequency  A  clear  signature  of  Bragg  scauenag  has  been 
demon-Jraicd  TV  temporal  evolution  of  the  scattering  signal  haj  also  been  measured  The  result  for  a  KB  wave  with  frequency  6A  GHi  ts 
presented  nt  Fig  10(a).  For  comparison.  or*  of  the  two  microwave  pulses  (  both  are  l.lm)  wed  for  plasma  generation  a  shown  m  Fig 
Hl(b)  As  one  can  «ee,  he  scauenrg  signal  centmues  to  penis  for  about  ltt\is  after  the  brcaVdowt)  puhes  are  owned  off.  This  remit 
indicates  that  the  coherent  scatienrg  process  can  be  very  effective  even  whe*  the  pUsma  is  well  below  (•  2  order  of  magmredr)  the  cuoff 
frequency  of  the  lest  wave 


*  *> 

Fig.  10  The  time  domain  measurement  of  the  scattered  signal  and  the  microwrvt  pulse  used  for  phsma  generation.  IC^uAJbtsion 
(a)  Growth  and  decay  of  thr  scattered  signal  over  a  lOtyitime  interval,  (b)  1.1  )ii  pulse  envelope  shown  n  the  sanetnereak 

The  neat  question  is  bow  the  espenmenu)  results  compare  with  the  theory.  Considering  a  set  of  N  poralkJ  plasm  slabs  with 
*«.knc*  5  ami  separabon  d,  anJ  using  the  Bragg  condiikfl  2dsin  9  •  ni,  where  0  is  the  angle  ot  Bragg  scattering  X.  ts  the  wavelength  of 
die  Kjncrcd  wave,  and  n  is  a  positive  integer,  the  scrtKhng  (rcftccuoa)  cocftiocnt  S  of  wave  intensity  is  derived  aralyucalhr  and  ei pressed  as 


SHE^P^^^ffsinlmtS/d^nn/d^ffsin  N8/sin  0J2 


0) 
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E*  and  Ef  are  the  fie  M  amps  cade  of  lest  wave  and  icunsf  we,  re^ec^w^>a-*tW*i*+v^Ul ;  kind  «,  are  the  wave  men  bo  and 
tejwacy  of  lest  wavejnd  &»/“''*•* Visin  ftt  and  o*-2xc/V  This  reflection  coefficient  it  then  plotted  at  a  function  of  the  test  wave 
fteqotmeThtFlf.  1!.  By  sweeping  the  leal  wxve  frequency,  such  a  dependence  b  also  determined  experimenially  in  a  relatively  snail 
fraqtitwcy  range  (4.3  GHr  to  7  J$  Gift)  and  presented  tat  Fig.  1 1  for  comparison.  The  frequency  dependencies  of  output  intensity  of  the  sweep 
generator  and  the  antenna  pin  of  the  receiving  horn  (3 -band  homtf)  hare  been  examined  and  taken  into  account  m  calibrating  the  intensity  of 
dm  garnering  signals.  Though  a  maximum  eight  layers  can  be  produced,  only  three  of  them  have  significant  overbp  along  i.  line  of  sight 
Therefore,  only  these  layers  can  significantly  contribute  «o  (he  Bragg  scattering  process.  Besides  an  uncalibntted  absolute  magnitude,  the  two 
functional  dependencies  are  shown  to  agree  with  each  otto  wry  writ  It  fa  noted  that  the  separation  d  between  the  two  adjacent  plasma  Layers 
is  reined  »o  dm  wavetergih  of  the  microwave  pulse  and  the  angle  ♦  between  the  propaptioo  (Erections  of  the  two  Intersecting  nubcs.with 
dm  rdariomhtp  d  -  W2  lin  (0/2)  Using  the  Bragg  condition  2dsin  0  ■  ul*,  the  optimum  frequency  for  Bragg  scattering  is  giver,  by 

f,»nfosfn  (♦cVsin  8  (2) 

h>  d»e  present  experiment,  0  *  90 ,  and  thus  fj-nCQ.  This  irxficatts  that  the  frequency  of  the  test  wave,  which  satisfies  the  Bragg 
condition  for  the  current  experimental  arrangement,  is  equal  to  the  frequency  and  Rs  harmonics  of  the  breakdown  pubes.  Consequently,  the 
breakdown  wave  can  not  be  filtered  out  and  represent  a  very  strong  noise,  which  prevents  any  meaningful  tot  of  Bran  scattering  at  these 
frequencies,  and  in  fact,  also  in  the  neighborhood  frequency  regions.  Although  the  optimum  frequency  region  for  Bragg  scattering  is  not 
taareiaed.  oevenbclew  the  consistency  between  prediction  end  experimental  results  may  lead  us  to  conclude,  based  on  the  maximum 
•ooretfcal  reflection  coefficient,  that  plasma  layers  can  indeed  be  an  effective  Bragg  reflector,  especially  If  more  layers  can  be  produced  for 
meriag  purposes. 


Fig.  11.  The  dependence  of  the  reflectivity  S  of  plasma  layers  oe  ware  frequency.  Experimental 
mA  theoretical  results.  The  Odb  on  the  renin!  axis  b  an  mbtoary  reference 

IV.  PROPAGATION  OP  H7GH  POWER  MICROWAVE  PULSES  THROUGH  THE  CHAMBER 

The  propagation  of  high  power  microwave  pobea  through  the  atmosphere  hat  been  a  subject  with  considerable  scientific  interest.3*® 
This  is  because  air  breakdown  produces  ionization  phenomena  that  ran  radially  modify  wave  propagation.  Ionization  gives  rise  to  a  space* 
lime  dependent  plasma  which  attenuates  the  tall  of  the  pulse  but  hardly  rffects  dm  leading  edge  because  of  the  finite  time  for  the  plasma  to 
build  op.  A  mechanism  whkh  is  called  "  tail  erosion"  plays  the  primary  role  in  limiting  transmission  of  pulse  9*1  U4  Moreover,  the 
•tmfinear  and  non-local  effects  brought  abort  by  the  space-true  dependent  plasma  also  play  important  roles  m  determining  the  propagation 
characteristic  of  the  pubes.13  Therefore,  any  meaningful  theoretical  effort  requires  a  self-consistent  description  of  (he  propagation  process. 
Cnmeipendy,  at  experimental  effort  ctxild  be  more  relevant  and  useful. 

Buskalty,  there  we  two  fuadamenal  issues  to  be  addressed.  One  concents  the  optimum  pulse  characteristic  for  maximum  energy 
hansfor  through  Ihe  atmosjrftere  by  the  fmlse.  The  second  concern  is  maximizing  the  ionizations  in  the  plasma  trait  following  the  pulse.  In 
general,  fheae  two  coocerns  are  interrelated  and  most  be  considered  together.  This  is  because  in  order  to  minimize  the  energy  loss  in  the  pulse 
before  reaching  the  destination,  one  has  to  prevent  the  occurrence  of  excessive  ionisation  in  the  background  air.  Otherwise,  the  overdense 

plasma  can  ertofl  the  propagation  of  the  remaining  pun  of  the  pubeind  cause  the  tad  of  the  pube  to  be  eroded  via  the  reflection  process. 

This  process  is  believed  to  be  far  more  severe  in  causing  tail  erosion  than  the  normal  process  attributed  to  ionization  and  heating.  Once  this 
process  occurs,  the  remaining  pulve  will  become  too  narrow  to  ionize  dewe  enough  plasma. 
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71m  pvpoae  of  out  experimental  effort  b  to  undertund  the  fuM^rwrrrta!  behavior  of  tail  erosion  mi  address  the  ymkn  of  how 
energy  bo  depends  or  bntic  pram^m  such  u  pul*  kitenrity  **d  background  preset.  Tbe  experimental  dxa  cao  be  farorpa-Mad  tar 
*e  tfcvclnpcaew  of  at  iteefui  theoretical  model  for  a  *5f<nrubtent  dtrivxtloo  of  pube  prcpr^iiim. 


«  0» 


Fig.  12.  Tail  erosion  of  microwave  pultet  of  four  consecutively  incresrirg  amptUodcs  AQ  -  A3  after  propagating  through  tfte  ehanberwith 
1  Tore  background  pressure  (a)  Amplitude  Aq  below  the  breakdown  threshold  and  no  erraicn.  (b)  Ai  wIJAq.  (c>  A^2>a  W  *3*3*0 


Tad  ererioo  phenomenon  b  denorstrefcd  by  the  map  shots  presented  in  Figure  12,  where  l.lju  pokes,  with  ha  corjoccJve’y 
increasing  amplitude,  are  tnuwmHted  into  the  chamber  of  1  tore  pressure  from  one  tide  and  received  from  the  opposite  side.  Tbe  fire?  pul*  has 
ampt&ode  below  the  breakdown  threshold,  and  bcnce,  nothing  is  expected  to  hsppm.  Consequently,  the  received  putse  dope  (Fig.  12(a))  b 
•odittorted  from  that  of  transmitted  pulse.  Once  the  amplitude  exceeds  the  breakdown  threshold,  more  tail  erosion  occurred  to  the  larger 
amplitude  pubes,  as  is  observed  by  the  subsequent  three  map  shots  (Figs.  12(b)*  12(d)).  This  a  because  the  increase  of  the  ionization  rar  with 
field  allows  more  electrons,  which  attenuate  the  pulse,  to  build  op.  Now  let’s  focus  on  me  last  two  pictures  (F.gs.  12(c)  and  12(d)).  Pulses 
have  been  eroded  strongly  in  both  cases.  However,  a  dear  distinction  between  t»  two  esses  b  noticed.  In  err  case  ecnerpondmg  to  the  <tmd 
picture  (Fig.  12(c)).  the  erosion  ao  the  tail  of  the  pc  be  L«  not  complete.  In  other  words,  the  received  pulse  width  extends  to  the  original  witfu 
la  the  other  case  (Fig  12(d)).  a  large  portion  of  the  pul*  is  more  or  less  eroded  completely  during  the  finite  propagation  period.  Obviously  it 
it  a  di/Tcrent  mechanism  responsible  for  the  second  case.  The  ionitsttion  freq*>ency  becomes  $0  large  in  the  second  case  that  the  electron 
density  exceeds  the  catofT  density  of  the  wave  before  the  whole  pulse  passes  through.  The  overden  se  pinma  screen  reflects  Ac  remaining 
portion  of  the  pal*  and  causa  even  more  severe  lei!  ercskm.  In  surer, ary.  two  reechcnrrej  re.Tpy  table  for  the  tall  erosion  are  identified. 
Owe  b  doe  to  auenuatlcn  by  the  self-generated  tmdtrderae  pi:  trn*.  The  other  one  b  erased  through  reffcrtion  by  the  aelf-generard  overden* 
plasma  screen.  The*  two  proceeds  are  aho  verified  by  Che  reflected  power  level  measured  for  each  case.  As  shown  la  Figure  13.  the  map 
mots  (Fip.13(b)  and  13(d))  prcscr.gd  on  the  RHS  of  the  Figure  arc  the  re  fleeted  pulse  shape  corresponding  to  each  rerdved  pul*  on  te  left 
(Figs. 1 3(a)  and  13(c)).  A »  shewn  by  the  lest  set  of  pictures  (Fgs.  13(c)  and  13(d)),  strong  reflection  and  complete  erosion  are  observed 
consiMcatly. 
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ta  order  to  avoid  oat  oiT  reflection,  tbe  pcwer  of  the  pate  should  be  lower  ten  •  critical  power  Pr  which  is  defined  as  the  minimum 
iiqoliedpowte  for  generteiug  an  overfen*  plasm  acreetWte  an  overdenrepte*  screen  b  formed  the  shape  of  the  rdVxtedjaibe  changes 
4ka«kaRy  mi  can  be  monitored  easily.  Thus,  At  critical  power  Pr  can  be  deterutinsd.  This  critical  power  varies  n  general  with  the  pressure . 
IfcaotacaM  is  made  to  oetennine  its  functional  dependency  on  the  pressure  it.  drawn  h  Figure  14,  where  P«Pr/Fc  is  the  critical  power 
nornulired  «o  the  breakdown  threshold  power  Pc  whoee  dependencies  on  the  pressure  and  poise  width  are  show*  in  Ftg3.  Doe  to  the 
hnkation  on  the  power  of  our  microwave  CriSty,  only  region  of  0.2  to  10  ion  for  the  critical  power  is  caanrfncd.  Nevertheless,  thb  is  the 
premure  region  of  main  concern  bccans  air  breakdown  has  its  lowest  threshold. 


Fig.  14.  Independence  of  dre  normalized  critical  power  P»P{^C  on  pressure  for  Lips  poise. 

Oar  study  indicates  that  an  increase  of  pulse  amplitude  may  not  help  to  increase  the  energy  transfer  by  the  pulse.  This  b  because  two 
Mi  erosion  mechanisms  are  at  play  to  degrade  the  energy  transfer.  A  demonstration  b  presented  in  Figpre  15,  where  the  growth  and  decay  of 
airglow  enhanced  by  electrons  through  air  treakdowo  by  33m  pulse  are  iecorded  for  two  different  power  levels.  In  Figure  15(a)  thr  power 
lavd  b  below  the  critical  power  tad  the  airglow  grows  for  the  entire  33ps  period  of  the  initiil  pulse  width.  Aj  power  b  increased  t*yood  the 
critical  value,  the  uitial  growth  of  the  airglow  becomes  faster  as  shown  in  Figure  15(b).  However,  it  b  also  shown  in  Figure  15(b)  that  the 
airglow  stearates  at  about  the  same  level  as  that  of  Figure  15(a).  Moreover,  the  airglow  already  starts  to  decay  even  before  the  3.3ns  period. 
In  other  words,  cutoff  reflection  happening  in  the  second  case  limits  the  energy  transfer  by  the  pulse.  The  additional  energy  addeJ  to  the  pulse 
b  wasted  by  reflection.  The  way  to  solve  the  problem  b  either  to  lower  the  amplitude  of  the  pulse  or  to  narrow  the  poise  width  so  that  me 
propagation  lots  can  be  minimized. 
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Rf*  15.  The  growth  decay  of  enhanced  airglow  (upper  trace).  Pubes  of  33ns  duration  and  ait  two  different  leveb  Pi  for  (a)  and  Pj  for  (b)  are 
ased  for  causing  air  breakdown,  where  « 1 32.  The  lower  trace  of  each  photo  repreaects  the  dme  dependence  ol  the  microwave  puhe. 

Ike  huti/cutal  scales  are  ips/efiv. 

V.  LIFETIME  of  electrons 

For  practical  fwrpoae,  die  lifetime  of  pUaosa  generated  by  microwave  pulses  a  interested.  Since  in  the  application,  e  g.  use  of 
plasma  as  a  reflector  of  OTH  radar,  Dae  would  require  that  the  plasma  b  sustained  at  or  above  certain  electron  density  ievet  (e  g.  107cm*3 
one  order  of  magnitude  higher  than  thte  of  tbs  F  peak)  for  long  roergh  time  ( e.g.  about  1  sec  cf  the  operation  lime  of  the  radar ).  it  could  be 
tee  by  using  repetitive  petes.  However,  if  plasma  decays  very  fast,  one  would  have  to  increase  the  duty  cycle  of  microwave  facility  ( i.c. 
fe  repetition  me  of  the  pulse).  I*  implies  thte  more  power  b  needed  in  the  operation.  This  b  then  translated  as  that  more  expensive 
microwave  facility  will  be  required  and  more  running  cost  will  be  resulted.  On  die  other  hand,  if  plasma  b  shown  to  have  desired  long 
Bfetimc,  the  current  technology  b  already  ready  for  required  specificatioM.  The  design  of  the  system  becomes  straightforward  and  more 
fcunorwv*,  the  whole  system  an  be  justified  to  be  economically  feasfcle  and  competitive. 
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la  gc«enrf,  iter;  are  three  proem  \  wort  rogtiher  to  caa*  the  ifccsy  of  the  plum#.  They  are  electron  diffutioa,  ctectrao-ic® 
wtd  attachment  of  electron#  to  the  neutral  molecule#.  For  the  cue  of  I  ton  background  prasjrc.  elcctron-oemnl  cotta*® 
te^Bcacy  b  about  GHr  The  free  electron  diffia’on  coefficient  D  M  estimated  to  be  about  3*  I04  cm^/jec.  Thu#,  the  difTimoa  owe  far  free 
dedfoa  to  walk  raretomfy  from  the  center  of  the  chamber  to  the  tide  walls  a  calculated  to  be  iboot  20  ms.  If  the  arabipobr  effect  a  ufcca 
j*M  aocoote,  tec  dtffatieo  thoe  becomes  even  larger  end  Is  in  the  order  of  seconds.  Therefore,  «e  simply  ignore  the  diffusion  effect  an  the 
cfcriron  decay  race  in  the  preset*  Cady  Since  the  carrier  frequency  of  microwave  pulses  is  3.27  0Hz,  the  peak  electron  density  ionized  by  tee 
microwave  pnlses  is  in  the  order  of  10* *  cor*.  Thus,  the  electron- ion  recombination  rale  is  always  smaller  than  the  electron  nudmeat  rat 
whose  maximum  value  at  1  tort  pressure  of  air  b  about  1,4x105  cm**.  Wc  therefore  espert  that  the  initial  <kxay  rate  (i*-  the  mi  crura 
decay  me)  of  Ox  electrons  is  determined  by  the  electron  attachment  rate  and  a  somewhat  bounded  by  this  value  1.4x10^  soc**. 

Aa  given  by  (!),  Bragg  scattering  coefficient  S  of  wire  in  tensity  b  directly  proportional  to  Hence,  the  Bragg  mattering 
experiment  with  the  produced  plusmj  layers  described  ia  sec. HI  also  ptovidei  a  way  for  a  nondestructive  measurement  on  (he  temporal 
evohnion  of  piasna  electron  density.  Using  the  result,  shown  tn  Fig.  10(a),  of  the  temporal  evolution  of  the  scattering  signs!  from  a  mt 
ware,  tee  electron  decay  me  after  the  breakdown  pubes  have  passed  through  ( le.  the  initial  decay  rate  )  b  evaluated  to  be  6 <10*  xc**« 
which  b  consistent  the  dissociative  attachment  rate.  It  also  shows  that  the  electron  density  after  Tfyu  is  reduced  by  a  facior  of  abort  30. 
Similarly,  the  electron  decay  rate  b  alio  reduced  over  a  factor  of  10  from  the  initiil  decay  rate,  in  this  density  level  (*3xlcPcn,'^)  the  decay 
rase  «  cons: Hem  with  the  recombination  km  rate.  This  is  realized  by  the  fact  that  when  enough  negative  molecule  inn  are  produced  through 
tee  electron  ettachmem  process,  the  detachment  rate  for  electron  regeneration  is  increased  and  eventually  balances  out  the  electron  attachment 
be  rate.  Thus,  tee  dominant  electron  loss  mechanism  b  shifted  to  the  recombination  process  On  the  other  hand,  the  attachment  process  abo 
phys  the  role  to  reduce  the  recor  -  i-jiiioo  and  diffusion  losses  of  electrons.  Through  the  attachment  process,  the  excess  of  free  cfcctrons  is 
first  sacred  by  attaching  them  selves  io  the  low  mobility  neutral  molecule:  wtd  then  referred  to  be  the  source  of  free  electrons  of  the  system 
whenever  teen*  b  a  need  for  the  balance  among  sit  the  process  involved.  When  such  a  balance  a  reached  (e  g.  7CVa  point  of  Fig.  10(a),  free 
eteetron  density  will  only  deny  m  a  relatively  slow  rate  determined  by  the  recombination  process  and  dc  am  bipolar  diffusion  process. 

With  tea  available  power  (-  lOmw)  of  sweep  micro  wive  generator  and  the  detecting  facility  (  HP  ifrciruro  an.-'tyrer  I5WB).  the 
Bragg  xxterhg  measurement  b  no  longer  aensitivc  to  the  electron  density  at  tee  level  after  KXXis  decay  from  ie,  peak  (ic.  Frg  10(»)).  The 
cvete  mn  of  electron  density  *  hjer  time  is  then  determined  by  a  Langmuir  double  probe.  The  main  purpov  of  Langmuir  prrhc  measurement 
it  lo  confirm  tent  the  decay  of  electron  density  after  the  hibnee  of  process  b  reached  is  indeed  caused  mainly  by  the  recomhiraoon  process. 
As  an  additional  payoff,  the  probe  measurement  cm  tho  provide  ihe  information  on  electron  temperature.  The  difficulty  with  Langmcw  probe 
meawxeraa*  bet  on  (he  presence  of  negatively  charged  molecules  » that  the  ion  detuity  ts  not  quite  the  same  as  the  electron  density.  The 
presence  of  negairrefy  charged  molecules  riso  complicates  the  retailors  hips  among  tee  electron  density,  electron  temperature,  and  k*i  density 
etc.  inside  a  sheath.  For  instance,  the  sheath  potential  changes  its  sign  when  the  density  of  negatively  charged  molecules  becomes  ranch 
teger  tean  that  of  free  electors.  U  can  be  monitored  experimentally  by  the  direction  of  current  flow  through  a  grounded  single  probe.  We. 
teetefore.  report  only  the  results  in  tee  lime  interval  in  which  the  percentage  of  negatively  charged  molecules  is  effectively  low.  Shown  m 
Fig.  16  j  the  Langmuir  double  probe  measurement  of  temporal  evolution  of  electron  temperature  Te(t)  during  the  first  l Xus  right  after  tee 
pnuing  through  of  tee  microwave  jajlsex  It  shows  that  electron  temperature  b  heated  by  the  microwave  pubes  in  about  leV  and  decreases 
tgwckly  after  the  microwave  b  turned  off.  The  decay  me  b  about  lO^sec'  *  which  b  consistent  with  the  electron  energy  loss  rate  via  etocaos* 
Kteral  collision.  The  corresponding  evolution  of  electron  density  can  be  drawn  from  tee  result  of  Fig.  10(a). 


Fg  I6l  Langmuir  double  probe  measurement  of  temporal  evolution  of  electron  temperature  TeO) 
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v.'o  Mat  report  die  gcxwmoH  for  lOOpa  period  starting  at  Inu  after  turning  off  the  microwave.  The  V-I  characteristics  of  die 
Langmuir  double  probe  at  foer  di/fcrem  times  are  presented  in  Fig.  17.  These  Curves  having  a  same  slope  at  lp-0  indicate  that  aU  the  species 
of  the  (as  teva  ebeady  reached  thermal  equilibrium  and  have  a  temperature  »300*t  However,  these  carves  saturate  at  different  current  levels, 
h  indicates  that  km  density  still  varies  with  time.  Eased  on  the  saturation  levels  of  these  carves,  the  evolution  of  ioa  density  with  lime  is 
determined.  In  this  time  interval  (tms,Mm>)  electron  density  can  be  assumed  to  be  in  the  same  order  af  magnitude  as  the  ion  density.  The 
evolution  of  electron  density  is  thus  determined  and  plotted  in  Fig.  18.  The  decay  rate  of  500  sec*1  is  indeed  consistent  with  the 
Kcombmation  rate  at  tfua  density  level. 


Fig.  17.  The  V-I  characteristics  of  the  Langmuir 
double  probe  at  four  different  times 


Fig.  18.  The  evolution  of  electron  density  in 
tiate  interval  (ImsJ.lms) 


We  have  shown  that  in  the  density  region  of  interest  the  decay  rate  of  electron  density  is  governed  by  the  electron- ion  recombination 
tale.  Based  on  this  decay  rate,  repetitive  pulses  with  a  repetition  rase  about  250  sec’1  wiH  suffice  for  maintaining  the  electron  density  to  a 
bd  (•*©  an  ’).  which  is  high  enough  for  die  OTH  radar  ^plications.  Moreover,  the  pulses  used  for  maintaining  the  plasma  can  be  much 
Sorter  than  the  first  pair  of  triggering  pulses  which  have  to  start  the  ionization  from  relatively  low  background  electron  density.  Therefore, 
die  rct|uired  microwave  power  and  energy  for  plasma  generation  and  its  sustainment  can  be  shown  to  be  within  die  state  of  the  art  of  current 


Vt.  SUMMARY  AND  DISCUSSION 

Plasma  layers  generated  by  two  intersecting  microwave  pulses  are  used  for  the  study  of  Bragg  scattering.  The  experiment  is 
conducted  in  a  large  chamber  with  a  microwave  absorber  so  that  the  microwave  reflection  from  the  wall  can  be  minimized.  Hence,  the 
experiment  can  be  considered  to  be  a  laboratory  simulation  of  conceptualized  plasma  layers  genera  led  by  high  power  radio  waves  in  the  upper 
atmosphere,  as  investigated  theoretically  by  Gurevich. 

We  first  determine  the  charactcris'ic  of  air  breakdown  by  powerful  microwave  pulse.  This  is  mainly  because  the  plasma  generated 
•car  the  wall  adjacent  to  the  microwave  horn  cause;  erosion  of  the  tail  of  the  incident  pulse  and  the  pulse  becomes  too  short,  by  the  time  it 
reaches  the  central  region  of  the  chamber,  to  cause  appreciable  ionization.  However,  this  problem  is  easily  overcome  when  the  scheme  of  two 
intersecting  pulses  is  used  for  plasne  generation,  to  this  approach,  each  pulse  has  its  field  amplitude  below  the  breakdown  threshold  to  avoid 
the  tail  erosion.  However,  the  fields  in  the  intersecting  region  an  add  up  and  exceed  the  bred: down  threshold.  This  scheme  is  most  effective 
when  the  two  pulses  have  the  same  polarization  and  are  coherent  In  this  case,  the  wave  fields  form  a  standing  wave  pattern  in  the  intersecting 
region  in  the  direction  perpendicular  to  the  bisecting  line  of  (he  angle  ♦  between  the  intersecting  pulses.  Thus,  parallel  plasma  layers  with  a 
separation  can  be  generated.  This  result  is  shown  in  Fig.  1. 

Since  there  are  no  electrodes  involved  in  the  current  experiment  of  air  breakdown,  we  can  determine  the  breakdown  threshold  field  as 
a  function  of  the  air  pressure  within  the  accuracy  of  microwave  probe  measurement  Two  Paschcn  breakdown  curves  for  the  cases  ofl.l  and 
3Jj»  pulses  are  determined  as  shown  m  Ftg.  5.  The  appearance  of  a  Pachen  minimum  can  be  explained  as  the  result  of  breakdown  by  a  short 
pulse  which  b  equivalent  to  a  dc  discharge  with  short  separation  between  electrodes  (i-C.  short  electron  transit  time).  The  result  that  the 
breakdown  threshold  by  a  longer  pulse  (33i»)  is  lower  than  that  by  shorter  pobe  (l.lps)  agrees  with  the  explanation.  The  characteristic  of 
the  curves  b  also  confirmed  phenomenologically  by  the  various  degrees  of  tail  erosion  of  the  same  pulse  passing  through  the  chamh«  at 
Afferent  pressure,  as  shown  in  Fig.  6. 

An  optical  probe  has  been  used  to  more  tor  fte  growth  and  decay  of  airflow  enhanced  by  microwave  generated  electrons  Two 
processes  are,  m  general,  responsible  for  the  airglow.  One  b  through  the  electron -ion  recombination  and  the  other  one  is  through  impact 
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« o f  moral  pi  Since  only  weakly  ionized  plasma  to  pact^ri,  to  Kcnd  process  ■  believed  to  be  domfrael  Hower,  to  teeond 
^uce*  requwe*  Am  to  efccoon  energy  exceed  2eV.  Therefore,  to  decay  ran  of  Mijkr*  intensity  shown  la  Pig.  4<b)  aecroms  far  aot  only 
todteayoftoekorosdenriry  caaaedby  to  dissociative  attaches*  kw  but also  for  to  dewy  of  electron  temper*— cmmrf by anergy 
Mi  to  to  M«nb  and  to  Iom  of  Cm  elearod*. 

Wt  toa  comfemd  to  •cJOmrsj  experiment  wid i  to  prefaced  plesma  toycrv  Ekxh  trrpcral  r»ofe6ao  rf  to  n— tog  signal 
ton  a  Ml  wwv*  and  to  ^ocoul  depentotes  0/  to  cwria|  coefficient  tor*  been  examined.  Good  seres**  between  toortoal  and 
uptoaul  main  na  to  qwemi  dependent  of  to  nattering  ccrfrjcie*  baa  been  achieved  (Figll).  k  tonld  be  aoaed  tot  to  to  to 
8rr~fr~  of  to  rh— brr  and  miaowrve  bean*,  only  three  pbssn  layers  km  significant  overbp  along  a  central  laae  of  tight  and  at  to 
Mi  dial  ffo  af  to  Ml  mm  for  Brag  Kacoring  Nevcftofcaa.  a  wmctaMa  effectiveness  of  Brag  scagcring  hat  been  He  monWMd  by  to 
danker  (xpston  k  it  further  reaiirrd  tha  more  taytn  and  much  brjor  crco  sectional  area  for  each  layer  wiD  be  prtxfcccd  ia  to  actuti 
laaatodoa.  Oat  would  expect  tot  much  more  pUuna  byen  can  be  incorporated  for  Bra^g  scattering.  Since  to  teaoering  coefficient  ia 
pupntod  la  to  tqmet  of  to  sanber  of  layers  at  pity,  effective  Brajg  acattrinf  can  dill  be  achieved  a  even  each  lower  plan*  denaiy 
(•I07car*  for  practical  ^plicarica)  don  that  of  car  rest  expement  (-IC^car^,  where  to  radar  frequency  is  also  non  ton  on  order  of 
Mpintff  lower  toa  AM  of  to  lest  wave  and  ia  to  current  esperijne*. 

Aa  txparmtm  Investigating  to  propagation  of  high  power  microwave  pulses  through  to  air  is  abo  performed.  We  have  tariffed 
(wndaaini  vhkh  tee  re^jonsiblc  far  two  different  degree  of  tail  erorion.  One  is  attributed  to  absorption  by  to  rlffaMnaed  atadorac 
ptoma.  Thu  otor  owe  ia  carted  by  reflection  by  to  *elf  generated  overdcase  pbtma  screen  Our  study  indicates  dtti  at  berean  of  palae 
amplitude  nay  aot  hdp  to  increase  to  energy  tramfer  by  to  pulse.  This  is  because  to  two  identified  tail  erotion  rechaniim  wt  W  pby  10 
degrade  to  energy  transfer.  A  deraors/znar  n  presented  is  F:£  jrc  13.  where  to  growth  and  dzesy  of  airjfow  enhanced  by  decaraa  toough 
m  breakdown  by  3.3^1  pd*  are  recorded  for  two  different  power  levels.  In  Figure  13(a)  to  power  level  is  below  to  critical  power  and  to 
argirw  grows  for  to  entire  33*11  period  of  to  initial  pulse  width.  As  power  b  increased  beyond  to  critical  value,  to  initial  growth  of  to 
airflow  becomes  Iran  as  titowa  ia  Fig  ere  15(b).  However,  k  ts  also  shown  in  Figure  15(b)  tot  to  airglow  nturaci  at  aboot  to  tame 
bd  as  that  of  Figure  15(a).  Moreover,  to  airglow  already  starts  10  decay  even  before  to  33*l»  period.  !a  other  wtyds,  cunff  reflection 
happening  In  to  second  case  I cn its  to  energy  transfer  by  to  pulse.  The  additional  energy  addrd  to  to  pulse  is  waned  by  lefledk*.  The  way 
•a  toire  to  problem  a  either  to  tower  to  ■nplitode  of  to  pofce  or  so  narrow  to  pulse  width  so  tot  to  propagation  lots  cm  be  au— vrrd 
The  optimum  pube  amplitude  for  raarmius.  energy  transfer  through  to  air  has  been  determined  for  l.lps  pulse  oned  in  to  present 
experiment  Since  to  effect  of  pressure  gradient  and  large  propagation  (finance  can  not  be  incorporated  in  chamber  experiment,  to 
feserminabm  of  optiimin  panmetrn  of  to  pulset  for  achieving  to  moat  effective  pbsma  generation  ts  deferred  anti!  a  practice  tooretrcal 
model  developed  under  to  goidr  of  present  study  is  esmfclitod. 

A  practical  bane  concerning  to  applicability  of  present  study  to  to  OTH  radar  is  to  lifetime  of  plasma  eJecsma  generated  by  to 
microwave  pubes.  The  theoretical  result  (1)  shows  that  to  scattering  coefficient  b  proportional  to  to  square  of  to  electron  density  and 
inarnritiir  to  to  electron  temperature.  Therefore,  to  electron  decay  rate  after  to  breakdown  pulses  have  parsed  through  cm  be  enhaasd 
tom  figjOfa).  It  shows  that  to  initial  uecay  rate  is  about  6x10*  sec**  which  a  consistent  with  to  dissociative  attachment  Me.  h  abo 
toms  tot  to  electron  density  after  70  ps  b  reduced  by  a  factor  of  about  30.  Similarly.  toelrctrendeaynMbaboreiDCtdoveraacsorof 
10  tom  to  initial  decay  raae.  In  this  regioo  to  decay  rate  b  consistent  with  the  teeombinatica  loss  rate.  This  a  rtdtxxti  by  to  tot  when 
mongh  aegterm  molecule  ions  are  produced  fooogh  to  eloctraD  attachment  process,  to  deuchmcit  rate  for  cVxjob  regenrotion  is  totranrd 
mi  evraimalty  balance*  out  to  electron  attachment  less  me.  Thus  to  dominant  electron  loss  mechanism  b  shifted  to  to  mxmtmuxn 
petal  Using  Bragg  scaoerng.  to  evdotion  of  electron  density  can  be  measured  only  for  KX^a-  to  order  to  be  rare  tot  to  loo  of 
UeurnM  is  indeed  caused  mainly  by  to  recombination  process  which  has  acceptable  low  rase,  a  Langmuir  double  probe  b  wed  id  measure 
to  evolution  of  election  density  ■  moch  later  time  Q  c.  Ins  to  l.Ints).  The  result  of  probe  meamrema1*  confirms  to  concJmian  of  Bragg 

Bmed  an  to  results  of  oar  chamber  experiments,  it  aeons  to  as  drat  to  implementation  of  a  Bragg  reftecaor  In  to  apper 
aaaaoaphere  (*50bn)  by  two  intersecting  microwave  pc  be*  transraiaing  from  ground  for  potential  OTH  radar  applicationa  is  tadMcaDy 

fcmftfe 
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DISCUSSION 

L.  DUNCAN,  US 

Z  don't  quit*  understand  your  equating  of  tail  srosion  with  formation  of  a  critical 
density  layar.  After  forming  an  artificial  reflecting  layer,  why  doea  the  experiment 
juet  not  aaauae  a  geometry  eimilar  to  the  one  diacueeed  in  the  preceding  paper?  In 
thin  caea  the  interference  pattern  would  clearly  be  very  dynamic,  bat  thie  would  not 
be  equivalent  to  traditional  descriptions  of  tail  erosion. 

AUTHOR’S  REPLY 

In  our  caea,  when  cutoff  layer  is  formed,  the  reflected  pulse  has  different 
characteristics  from  that  by  an  inserted  conducting  plane  discussed  in  the  preceding 
paper.  The  differences  are 

1.  Plasma  cutoff  layer  is  not  equivalent  to  a  conductor;  in  the  layer,  the  electric 
field  is  maximum  instead  of  zero. 

2.  The  reflected  pulse  has  shorter  pulse  length  than  the  incident  pulse  because  the 
leading  part  c .~  the  pulse  can  always  penetrate  through  the  layer. 

3.  The  cutoff  layer  has  a  size  equal  or  smaller  than  the  pulse's  cross  section. 
Therefore,  the  -idge  effect  can.  significantly  deteriorate  the  shape  of  the  reflected 
pulse. 

4.  Experimental  evidence:  when  cutoff  layer  is  formed  (as  indicated  by  the  anoaalous 
reflection) ,  the  breakdown  induced  plasma  loses  the  expected  interference  pattern. 
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ovdviev  or  icwcskhtric  Nootnurtci  from  a  fact  plattcjoh 


Peter  M.  Banka 

Space,  Telecommunications  and  Radiosoienes  Laboratory 
Department  of  Electrical  Engineering 
Stanford  University 
Stanford,  CJk  94305  USA 


Abstract 

Ibis  paper  discussaa  epece-bomo,  non-« lect rent gnat  ic  methods  of  modifying  tha  E~  and 
F-regions  of  tbs  te'rrectrial  ionosphere.  Of  these,  tha  most  vell-underatood  ia  tha  direct 
injection  of  chemical  vapors  into  tha  aebient  sodium.  The  first  injection  of  barium  clouds 
into  tha  upper  atnospfcara  over  tvo  docadaa  ago  haa  led  to  evolution  of  understanding  of 
complex  electrodynaalc  procacces  nctlng  in  tho  ionosphere  and  spawned  axtenelve  studies  of 
null-scale  placna  instabilities,  Kodif icatlon  to  tho  ionosphere  can  last  for  up  to  hours 
frea  such  injections,  other  vapora  have  also  bean  released,  including  water  vapor,  SF*  and 
aore  noxious  gases,  in  successful  efforts  to  altar  thn  chcuintry  of  tna  ionosphere.  In 
another  direction,  injections  of  high  anu  gases  fron  orbiting  spacecraft  have  bean  Bade  in 
attespts  to  understand  the  non-class  leal  ionisatlcn  proceisea  involved  in  the  critical 
ionisation  velocity  (CIV)  concept.  The  results  seen  to  indicate  that  for  CIV  to  set  in 
epees,  large  quantities  of  injected  ges  era  required  to  achiove  a  nininus  interaction  volume 
density.  Hovsver,  In  these  and  other  experiments,  it  has  boon  found  that  the  potential  CIV 
effects  are  supplemented  by  a  variety  of  associated  classical  processes  also  acting  for 
these  sens  gases.  For  example,  plants  disturbances  are  associated  with  neutral  gas  releasee 
when  charge  exchange  to  enbient  ions  occurs.  This  leads  to  tho  formation  of 
electrostatically  poleriaed  places  clouds  around  tha  neutral  gas-esltting  space  platform 
and  these  create  largo  disturbances  in  the  ionosphere. 

Direct  Modification  of  the  ionosphere  via  energetic  electron  beams  has  also  bean 
undertaken  froa  rocket  and  satellite  platforms.  Results  Indicate  that  the  process  of 
electron  energy  deposition  is  such  no  re  coaplox  than  previously  thought  as  a  consequence 
of  the  need  to  take  into  account  charging  of  tho  launching  platform,  tha  retarding  affects 
of  substantial  electric  fields  near  the  bees,  end  atmospheric  scattering  in  the  ionosphere. 
Other  fores  of  Ionospheric  Modification  via  ion  beans,  energetic  neutral  particle  beans, 
x-ray  sources  and  Hav  particle  beaBs  have  also  been  proposed,  but  several  of  thesa  remain 
to  bo  consummated  with  experiments. 


DX8CUSSI01I 

J.  8.  BELROSE,  CA 

Clearly  your  calculations  of  tha  electron  densities  that  your  high  energy  beamn  eight 
produce  at  low  heights  f<50  fce)  have  not  taken  account  of  electron  lose  rates,  since 
you  did  section  lifetimes  of  milliseconds.  I  think  it  night  be  useful  if  you  could 
relate  what  you  night  do  to  vhat  nature  can  do.  During  yery  largo  solar  proton 
events  the  electron  densities  at  say  4  5  ka  do  net  exceed  io3  cm*.  Your  speculated 
instantaneously  produced  densities  vers  107  to  1015  a*.  Ac  40  kn  I  suspect  that 
electrons  will  disappear  almost  as  fast  as  you  produce  then  (lifetimes  «  1  ns) .  Can 
you  comment? 

MOTOR'S  REPLY 

The 
The 

•gull Ibrlu*  so  that  production  -  loss.  In  "this  situation  the  densities  of  -  10*  cm*3 
indicate  production  rates  of  -  1  cm"3sec  . 

«.  F.  BEJTSOW,  us 

Concerning  ionospharic  modification  resulting  from  transmitters  in  space,  tha  high 
frequency  portion  of  the  space  shuttle  Navns  in  Space  Plassa  (Wlsr;  experiment  is 
scheduled  to  fly  on  the  Orbital  Hanoeuvering  Vehicle  (OKV)  teat  flight  in  1995. 
There  has  been  renewed  Interest  in  this  field  using  data  froa  the  Alouette  end  ISIS 
topside  sounders  stimulated  by  the  new  theoretical  approach  introduced  by  V. 
Oeherovlch  (J.Ceophva.Res. ,V2.  316,  1967)  21.  5530,  1989). 

AUTHOR'S  REPLY 

Thank  you  for  the  added  information. 


hijh  Initial  electron  densities  are  quickly  reduced  by  electron  attachment  to  O,. 
0,  ,  X.  ,  o,  plasma  then  decays  via  dissociative  recombination  over  a  period  it 

I  rrt  t  fin  *  m  nf  **-*■— ~ — •*  —  Usfursl  snl  sv  nrnf  nn  flnvaa.  In  rr.ntrsaf  bp#  In  misste 
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RYCROFT,  UX 

Purmiiiw  J.  Belross'a  comaant,  A.  von  Bial,  in  a  papar  published  in  the  August  19*9 
iaaua  of  Planatary  and  Space  Sclanca,  reported  acme  unusual  radar  achoai  froa  heights 
of  45  to  50  Am  at  Scott  Baae,  Antarctica.  Such  phanoaana,  which  Bight  be  due  to 
aolar  protons,  could,  perhaps,  be  used  to  croaa-calibrate  aoae  of  your  predictions 
of  Biddle  atmosphere  ioniaation  profiles . 


AUTHOR'S  REPLY 


He  appreciate  this  information. 


S.  RXPIM,  U3 


A  olasaa  elected  at  orbital  velocity  can  either  continue  to  M  drift  in  the  original 
direction  and  speed,  or,  perhaps,  the  internal  po)%ritation  fields  can  be  shorted  out 
due  to  connection  to  lower  layers  of  the  ionosphere  by  the  B- field.  The  question  la, 
what  actually  does  occur  in  these  types  of  releases? 


AUTHOR'S  KBTVt 

Both  processes  occur  with  erosion  at  the  outer  edges  of  the  plasaa  cloud  t  forward 
motion  continuing  within  the  core. 
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PLASMA  DENSITY  MODIFICATION  3Y  MEANS  Of  PULSED  BEAM 
CIV  IN  THE  IONOSPHERE 

tt»V.  L>l 

l  Pfcyrics  DMsioa,  Geophysics  laboratory, 

»  AFB,  MA  01731,  USA 

Vmh*  J.  McNdl 
Inc,  Bedford,  MA  0173a  USA 

Edmond  Murad 

fpnen  Physics  Division,  Geophysics  Laboratory, 

HitoV*  AFB,  MA  01731,  USA 


SCMMABT 

AtMa*l  critical  toebatioo  velodry  (CIV)  discharge  five*  rfee  to  rapid  Increase  la  electron  density.  The  existence  of  CIV  has 
toe a  proves  In  the  kboratory.  If  CTV  occurs  la  spice,  there  would  be  Important  conreoce-recs.  Not  outy  would  etectrompeilc  wave 

r«pag»tion  be  affected  by  the  enhanced  plMoa  dcr.tlty,  but  there  would  alto  be  Important  Impta'.icns  In  tptcecraft  rc  audios  lion. 

attempts  to  prove  CIV  lr.  space,  many  research :n  v-cd  the  tarlurj  sV.pcd  chr.r'c  erp!  >:!ca  rce,v.od  The  resutu  have  been  mostly 
■epttve  with  two  acrr-tJcas.  We  propose  •  ccdl'Ied  CTV  *pcc  rrpcrlnect  by  ca'.rs  of  *  multiple  pulse  beam  (MP3)  of  neutral 
Moo*  We  «ae  the  •panide-to-ceH’  method  to  simulate  CIV  In  a  MP3  otder  fonsrphsrie  conditions.  A  ito'k  or  MP3  neutral  beam 
wtth  seed  lonlatloa  ifevdcps  t be  modl.Tsd  twx>stre*a  testability  which  eccrplzes  the  electrons.  When  the  electrons  become  hot 
enough,  they  kxrro  the  rteutruh  fas  the  bests.  Numerical  simulation  results  of  single  and  multiple  pulse  cases  are  compared,  reveal ic| 
(to  wtoorM  loaiTWloa  tor  the  KP3  case. 


i 
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rur acs 

AZMn  [1954, 1960]  proposed  the  iocs  of  critical  loolzatior  vetodry  (CTV).  It  softest*  tlut  when  the  relative  reiodty  V  between 
a  nrstral  (Htula  nagjsetLred  plasma  exceeds  a  ait  leal  velocity  V„  rapid  loniaticn  occurs.  The  critical  velodry  [AWa,  1960] 
to  flren  by  equating  the  kinetic  energy  of  ihe  neutrals  with  thdr  tools t ion  energy. 

V.  «  V(2e*/M)  fl) 

where  to  b  tto  foefaadon  energy  and  M  the  mm  of  the  neutral  gas  Botmiea.  The  exbtenc  eof  CIV  has  been  proved  repeatedly 
k  the  kboracory  [Alfvda,  I960,  FahJeaoo,  1961;  Dunietoon.  1973,  Br caning,  1932)  Indeed,  the  critical  velocity  ofcrerred  ia  laboratory 
experiments  Is  scry  sear  or  slightly  above  that  predicted  by  Fq(l).  Father  mors,  nearly  1009S  tonlation  has  been  reported  [AlMn. 
I960]. 

V  CIV  ocean  hi  the  tonoepbere,  there  would  be  important  consequence*  As  a  result  of  rapid  foniratiou  la  a  CIV  discharge, 
ito  ptaswM  density  to  (he  vtetEity  of  the  discharge  region  would  Increase  rapidly.  EchancedpUsma  density  ia  the  ksaotphere  may 
•fleet  cfcctrocagaetk  wave  propels  tic  a.  la  addition,  there  are  important  implications  of  dv  In  spacecraft  conumimttoa  Under 
appropriate  conditions  [Lai  and  Murad,  1969],  spacecraft  exhausts  may  undergo  CTV  iontatioa,  which  may  resell  la  chemical 
Modification  of  the  molecular  species  is  the  speecraft  oMronmetst,  and  Is  generation  of  radiation  signature*  la  addition,  CIV  may 
■flea  (to  transport  of  too  tpedea  In  the  Ionosphere. 

la  recent  years,  there  hare  been  many  anetrpts  to  prove  the  existence  of  CTV  la  space  [see,  for  example,  Ncwefl,  19R5;  Torbert, 
190;  Hallia^a,  196?].  AH  have  reported  negative  or  peullr  j  results  ao  ftr,  with  the  exception  of  Pompbe  [Haerendd,  1982]  -md 
CRJT2  [Ttxten,  1969;  Stanbaek-NIehea,  et  al,  1S69;  Wrscott  et  al,  19S9]  experiments  which  reported  about  2Tb  and  4%  critical 
velocity  totistion  of  the  bartaaa  doud  respective^.  An  of  these  spec*  experiments  have  employed  practically  the  mat  method, 
■Marty,  shaped  charge  expiation  of  barium  re  strontium  in  the  Ionosphere  (Fig.  1) 

la  thfc  paper,  we  propone  a  new  CTV  experimeot  designed  with  a  better  space  coedition  for  CTV  to  occur.  The  proposed 
experiment  differs  from  the  coavrational  oaea  la  that  instead  of  using  a  shaped  charge  barium  ext  log  loo,  we  propose  to  ma  maftipie 
pnhsea.  Under  three  condtttoea,  we  hope  to  to  abk  to  Initiate  CTV  la  space  and  to  achieve  a  higher  level  of  tosizatka  «4ea  a  CIV 
dkcharge  ocean. 


L  FULSO  RAM 

In  the  space  CIV  experiments  asfnj  tbaped  charge  expkxtota  of  barium  or  strontium,  the  oeutnl  gas  beam  h  ejected  ia  a  single 
T The  neutral  gas  density  drops  rapidly  as  the  beam  expands.  When  the  neutral  density  ta  low,  so  is  the  probshflity 
of  toe  hat  toe.  That,  if  CTV  h  to  occur,  It  aran  take  place  la  the  high  density  region  oeir  the  explosioo  poinL  Oa  the  otjer  hand, 
(he  pake  durattoa  h  abo  short  ia  this  region.  Since  electrons  are  accelerated  mainhr  along  magnetic  field  lines,  the  demon  heating 
(fane  k  United  by  the  ro»sa  time  of  the  pube  with  a  frees  magnetic  field  line.  Since  the  line  b  essentially  stationary,  the  courts 
ttoe  aqmali  the  paKc  daratioa  spprccdnuirty.  This  means  that  when  the  pube  to  too  short,  electroos  do  not  Uve  enaagh  time  id 
be  energized,  aad  therefore  CTV  can  not  occur.  To  improve  the  beam  experiment  design,  we  propose  using  multiple  p 

Tb  Saks  to  toeinnoa  to  a  CIV  dkdutrpe,  to  to  necessary  v>  satisfy  Townsesafi  criterion  [Brcaning,  1962]: 


i  separated 


\  *  »t  (2) 

where  r,  to  the  treosh  time  of  a  ho*  elect roa  aaom  the  beam.  The  toalzrJoa  time  r(  to  given  by 

rt(i)  -  P) 

where  afi)  b  the  neutral  density  at  distance  x  from  the  explosion  point,  a  to  the  tonizatioo  cross  metion  and  v#  toa  vdodty  of  a 
hoc  election.  Assuming  that  a  neutral  beam  hat  a  conical  shape,  a(x)  drops  as  x  . 

•<>)  -  M) 
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vterc  N,  k  tk>  rekaie  rite,  V  the  been  ytkxfy,  end  #  the  eoee  tr jle.  Oe  the  other  hied,  r,(x)  lacreeKt  llaeerty  irfth  >  ben«e 
of  ths  fecretslf  j  beta  dimension. 

r^i)  *  2n,na(*/2)  (!) 

Thecetbn.  then  gnat  edit  •  eriticel  dfcunee  (i-jJ  beyo«d  wbch  Efl(2)  k  sot  utliled 

r-ot  outpie,  conuder  t  ocetn!  been  of  full  com  tngle  0  -  Xf,  ttieete  rate  N0-  J  k|  te  300  tm,  tod  t  beta  vetodir  V 
m  5  h..1  mugs  a  ctom  ted  toe  «  of  10*  as2.  The  critical  dkusce  i,  (tven  by  the  aguillty  Ht)(4)  a  aeu  tod  above  1  ka. 
Beyoad  that  dhteace  the  beam  detail)  k  too  low  to  itauln  toolztUM.  This.  It  CIV  k  to  occur,  the  distance  a  that  the  pelae  baa 
tnvek4  wm  be  shorter  this  l. 

Ot  the  other  hand,  the  pube  duratioo  rD  k  vbo  too  short  at  smalt  x.  tot  order  to  sustain  C7V  ionization,  ft  k  accessary  10 
mktj  soother  Townsend**  criterion:  , 

W  * »  w 


which  is  simply  a  requirement  that  the  interaction  tte-*  be  V»f  enough  for  hot  electrons  to  be  energized.  For  example,  the  neutral 
dawfty  curves  [Torbert,  1986]  of  the  Star  of  Lima  experiment  indicate  that  the  pube  duration  rD  to  lot  than  SO  ms  at  distance  x 
shorter  chan  0.25  km.  The  duration  rQ  to  of  the  order  of  magnitude  ot  electron  heating  time  rH  in  the  ionosphere  [Tanaka  and 
Papudopouloa,  1982;  Murad  et  al,  1986].  This  leads  one  to  suspect  that  the  finite  nature  of  the  poise  could  affect  the  outcome  o 
the  experiment 

Oar  results  therefore  impose  two  critical  distances,  one  (xj  being  governed  by  the  fin?  Townsend's  criterion  (Eq.2)  and  another 
(X.)  by  the  second  Towaend’i  criterion  (EqJ5>  The  CIV  domain  lies  la  between  the  two  crif'cal  distance*.  The  length  (L-x^x.) 
of  the  docnaia  could  be  an  important  factor  affecting  the  outcome  of  the  experiment  If  the  length  to  aero,  CIV  can  not  occur,  1 
k  to  too  short  the  ionization  kve!  achieved  would  be  too  low  even  if  CIV  occun. 

With  multiple  pubes  separated  by  gaps,  the  disadvantage  of  Insufficient  electron  energization  time  (tqCTu)  can  be  overcome. 
For,  the  succeeding  potoei  may  continue  the  heating  process  left  behind  by  the  proceeding  pubes.  Ions  slowing  down  and  falling 
behind  a  pube  may  continue  to  energize  decimal  in  the  following  pp,  albeit  the  energy  supply  will  fade  away  for  long  gap*. 


X  SIMULATION 

We  have  performed  computer  simulations  on  CIV  is  single  and  multiple  pube  beams  [Lai  et  al,  1990],  The  technique,  which 
we  used  lor  these  simulations  to  essentially  a  particle  simulation  code  [Birdsall  and  Laagdon,  19S5;  Machida  and  Goeztz,  1986],  has 
been  described  earlier  [McNeil  et  al,  1990].  In  these  simulations,  the  colliiionai  processes  considered  are  charge  exchange  and  ground 
state  tontzatfo®.  Both  electro  ns  and  ions  are  initially  sta'JonaT)  and  tons  are  energized  through  charge  exchange.  The  electrons  and 
Iona  art  represented  by  *030043  of  charge*  which  an  move  through  one  another  in  response  to  electric  field  created  by  charge 
separation.  The  simulation  to  cne-dfmcssicas!  in  thv  displacement,  allowing  an  electric  field  in  only  one  direction.  A  magnetic  field 
to  applied  fa  a  direct  km  almost  perpendicular  to  the  electric  field,  with  a  small  angle  0  -  V(m/M),  where  m  and  M  art  the  electron 
and  ton  masses  respectively.  This  angle  is  chosen  to  allow  for  maximum  growth  rate  of  the  modified  two-stream  instability.  The 
ataubttoe  parameters  are  shown  in  Table  1. 

TABLE  L  SIMULATION  PARAMETERS 


Parameter 

- 

initial  Number  of  Particles 

N.  -  «!92 

Number  of  Celb 

N.-5I2 

Time  step 

Initial  Debye  Length  !  Cell  Sire 
ton  Mass  /  Electron  Musa 

Atk*  -  02 

-  * 

M/me  -  109 

Initial  Plasma  Frequency  / 

Electron  Gyrofrequency 

Reference  Co  His  Joe  lute 

3C:ao. 

S -'V 

Tilt  Angle  of  Magnetic  Field 

Beam  Width  f  System  Width 

4/L  •  .03,  .015,  xn 

Beam  Velociy  /  Critical  Velocity 

V/V.  -  1.5 

tenths  are  shown  in  Figures  X  Ion  (upper  panels)  and  electron  (tower  panels)  velocities  are  plotted  as  functions  o 
dtosince  The  neutral  beams  travel  from  toft  to  right  The  total  beam  width  is  the  same  it  ail  four  punch.  Bee* row  in  a  pube  are 
pining  energy  as  the  lotto  transfer  energy  to  them  via  plana  waves.  When  the  electron  energy  reaches  the  Ionization  energy  e4, 
toriratton  of  the  neutrals  begins  to  occur.  The  new  electrons  are  of  low  energy  when  created  and  they  are  being  energized  to  higher 
vetoritks.  As  a  result  a  spread  in  electron  energy  occurs. 

Hgure  3  shows  the  ionization  rates  (slopes)  of  the  four  cases  in  Figure  2.  In  the  multiple  beam  cases,  ionization  rate  increases 
fester  and  get  eff  the  ground  earlier  (has  in  the  one  beam  case.  case.  Notice  that  the  asymp'etic  Ionization  rates  in  til  three  cases 
seem  about  the  same.  This  means  that  MPBs  may  be  most  valuable  in  nurturing  a  CIV  discharge. 

Figure  4  show*  the  phase  space  of  the  newly  created  electrons.  Electron  hating  occurs  erei  between  the  pulses  because  some 
tout  togging  behind  a  pube  still  lure  energy  to  energize  electron*.  Succeeding  poises  continue  the  heating  process  left  behind  by 
the  proceeding  pubes.  In  Figure  4,  not  ce  that  most  of  the  new  electrons  are  created  by  the  third  pulse.  This  meats  that  if  the  third 
puke  were  absent,  the  electrons  energized  by  previous  pubes  would  not  hare  any  beam  neutral  to  ionize. 


’  X  DISCUSSION 

We  have  suggested  us irg  MPB  to  improve  the  condition  In  CTV  space  experiments.  MPB  to  better  than  a  single  pube  beam 
beauae  of  more  iflVicot  use  of  hot  electrons.  For  *ome  beam  atom  species,  such  as  barium,  with  substantial  line  excitation 
properties  [Newell  end  To&en,  1985],  the  use  of  pubes  with  gaps  may  help  the  electrons,  which  ire  being  energized,  to  survive  the 
eadtatfon  window  energy  range  [McNeil  et  al.  1990,  Papidopoidas,  1990]  so  that  electron  tonizetton  energy  may  be  reached  is  a 
succeeding  pub  Furthermore,  a  pube  beam  aPows  more  beam  fronts.  The  MPB  method  applies  only  to  the  high  density  regime 
0  tear  the  explosion  pout 
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D.  PAPADOPOULOS,  US 

I  have  two  coraents  and  a  question:  (i)  Tha  raaulta  of  the  Sa  experiment*.  are 
consistent  with  our  theoretical  understanding  of  CIV,  which  requires  2  x  10  /ca  for 
low  altituda  Ba  experiments:  and  (ii)  Tha  Soviat  ACTIVE  program  observed  Xe  CIV  at 
1500  km  altituda.  Tha  quaation  ia:  Row  with  a  1-0  coda  can  you  daacriba  tha  proper 
•volution  of  fiald  aligned  EAICS  which  raquiraa  a  2-D  dense  cpectrum. 

AUTHOR'S  REPLY 

our  code  la  1-D  In  position  and  3-D  in  velocity.  It  is  similar  to  Kachlda  and 
Conrtt's. 

w.  mmxt,  us 

Did  simulations  include  self-consiatant  electric  fields  in  tha  coda? 
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Plasm*  Density  Enhancement*  Created  by  the  Ionization  of 
the  Earth's  Upper  Atmosphere  by  Artificial  Electron  Beams 


Team*  NtvBSJtr  a*d  Pin*  M  Banks 


Sftct,  niromniaKittfU,  aal  JbdsMttn ire  UUrtUrj,  SU*J*r4  Sfeo/o-V,  CA  fjSK-jOSS 


Ahtrtct  We  present  anriy'.ktl  calculation*  sod  experimen¬ 
tal  observa-iver:#  relating  to  the  ictsrectkr  with  ths  Earth’s 
upper  atmc??kcrf  cf  ebetren  bevra  cn^iUd  from  low  altitud* 
•paesenft.  The  problem  is  described  by  two  coupled  noo-lineor 
differential  aquations  ia  lie  np-fring  (along  a  magnetic  field 
line)  And  down- going  differential  energy  Cox.  The  equations 
Are  solved  acmericifly,  upng  tbs  STS  IS  Atmospheric  model  tad 
the  HU  kmoepherie  model  Tbo  results  from  the  model  com¬ 
pare  veil  with  recent  obf.rrvilicm  ft  oca  the  CHARGE  2  sound- 
i»4g  rodtet  esp-ciinrct.  Two  srpects  of  the  beam-neutral  atmo¬ 
sphere  interaction  Are  diacuratd:  First  we  investijisis  the  Unite 
oa  the  deepen  beam  current  that  can  be  emitted  from  a  tpace- 
craft  without  rubetnatial  spacecraft  charging.  Tt:i  question  ia 
import  Ant  b «iw  the  charging  of  the  spacecraft  to  pceitivs 
potentials  limits  the  current  And  the  eeenpi  energy  c ( the  beam 
eketroo*  end  thereby  Unite  the  iooisatica  of  the  neutral  atmo¬ 
sphere.  Aa  as  example  we  find  from  CHARGE  2  obetmtione 
•ad  frutn  the  mode!  calculations  that  below  About  180  km, 
secondary  electron#  gcae-aUd  through  the  ioobattoa  of  the 
•ratril  atmosphere  by  1*10  keV  electron  beam*  from  sovndiag 
rockets,  compirtely  balance  the  beam  current,  thereby  Allowing 
the  emarico  cf  very  h'.gh  beam  currents.  Second,  the  amount 
o f  plasma  production  in  the  beaimrtreak  is  discerned.  Results 
are  shown  foe  selected  vuluas  of  the  beam  energy,  spacecraft 
velocity,  sad  spacecraft  altitude. 


1.  Introduction 


2.  The  CHARGE  2  Experiment 


The  return  current  to  an  election  beam-emitting  spacecraft 
will,  ia  general,  have  two  components  arising  from  completely 
different  processes.  The  first  component  m  the  “dramc*  current 
that  flow*  from  the  ambient  plcima  to  a  ch erred  conductor, 
which  we  will  refer  to  as  the  passim  current  [Isnymsir  sad 
Blodjttt,  1924;  Bttri  end  Mura,  1961;  Ptrktr  sa i  UtrpAj, 
1967].  The  second  component,  the  act  ire  current,  relies  on 
the  electron  beam  or  the  charged  spacecraft  m  a  genwstor 
of  return  current  electrons.  Experiments  performed  from  the 
•pace  shuttle  [W%Urm* %  rt  si,  1553]  and  rockets  [Wnckltr  1 1 
si,  1975;  Iff  ere  rl  al,  1989]  have  pointed  out  the  important* 
of  Uus  component.  The  active  current  may  be  grroeialed  by 
a  Bsaro-PLacma  Interaction  (EPI),  a  Ream-Plasma  Discharge 
(BPD),  a  Be  am- Atmosphere  Intcractica  (BAD,  or  a  Penning 
type  discharge  (PD).  For  •  review  see  Lnuo*  (1982). 

Tire  CHARGE  2  tethered  rocket  experiment  has  provided 
tire  first  direct  mcasuremsnt#  allowing  to  differentiate  between 
the  active  and  passive  components  of  the  return  current,  at 
least  for  the  altitude  range  from  160  -  260  km  [Jfycra  rf  si, 
1989;  Gilchrist  rt  si,  1990].  One  important  result  was  the 
observation  that  at  altitudes  tek-w  about  160  km,  the  active 
component  of  the  return  current  was  able  to  completely  bal¬ 
ance  the  beam  current.  The  observations  indicated  to  os  that 
tbs  BAI  Wtf  a  likely  candidate  for  the  generation  nrechaoius 
of  tbs  active  current.  Am  we  will  show  below,  the  BAI  return 
current  ia  directly  proportion ol  to  the  beam  current.  As  a  con¬ 
sequence,  below  160  km  very  large  currents  can  be  emitted 
with  relatively  little  charging  of  the  spacecraft.  The  limit  on 
tbs  current  that  will  escape  a  spacecraft  is  ia  this  cree  more 
likely  to  be  sparecharge  effects  in  the  beam  as  discussed  ia 
recent  computer  simulations  [Wafler,  1220]. 

This  paper  presents  a  summary  of  the  results  presented  at 
tbs  AGARD  coo  Hence  held  in  Bergen  in  May,  2990.  Port 
of  the  material  relating  to  the  CHARGE  2  reaults  is  given  in 
more  detail  in  A'rvtcrf  rt  */.  (1989].  lhe  following  section 
describes  briefly  the  CHARGE  2  experiment  and  the  observa¬ 
tions  of  tbt  return  current?  to  the  epaeacraft  during  electron 
beam  emission#.  Then  follows  a  description  of  the  method  de¬ 
veloped  to  study  electron  fluxes  genersted  by  artificial  electron 
beams.  The  BAI  return  current  is  estimated  for  the  conditions 
of  the  CHARGE  2  experiment  and  found  in  good  agreement 
with  observed  values.  Finally  wt  determine  the  plasma  den¬ 
sity  enhancement  created  by  the  emarion  of  an  electron  beam 
emitted  at  200  km  altitude  from  a  moving  space  platform. 


The  CHA  ROE  2  payload  coc rioted  of  two  sections,  a  mother 
and  a  daughter  section,  which  were  electrically  connected  by 
aa  insulated  tether.  The  experiment  w»s  aeriped  to  study 
phenomena  related  to  election  beam  emiosions  from  spacecraft 
as  well  as  the  electrodyuamic  interaction  of  a  tethered  "ystera 
with  ambient  locospkerir  plrimw  (Ssrah  rt  si,  1958].  During 
the  flight,  tbo  two  sections  drifted  apart  in  a  direction  roughly 
perpendicular  to  the  spacecraft  velocity  and  to  the  earth’s  mag¬ 
netic  field.  Apogre  w?j  at  201  km  altitude  and  tbt  maximum 
separation  distance  of  the  two  payloads  was  426  m,  reached  at 
the  end  of  tho  flight. 

A  schematic  drawing  of  the  CHARGE  2  psyload  is  shown 
u  Figure  1.  The  mother  carried  an  electron  beam  accelerator 
emitting  beams  with  <!*ctrcn  energies  of  1  keV  and  currents  up 
to  48  mA.  Return  currents  w-re  collected  by  both  the  mother 
(/#/)  and  the  daughter  (/p)  during  beam  injections.  The  elec¬ 
tron  beam  current  (A.-«m)  was  merxured  by  a  Rogowtki  coil 
aud  th«  tether  current  (/<«:*< r)  was  measured  by  a  tether  cur¬ 
rent  monitor.  Assuming  that  the  beam  escaped  the  mother 
payload,  ws  have  fo  ~  lutUt  and 

Tbs  tether  impedance  was  relatively  low  (4  kfl)  in  certain 
axperiroentaJ  sequences  and  the  tether  current  was  typically 
lssa  than  9  mA.  As  a  consequence,  the  potential  difTcrencs  be¬ 
tween  ths  trm  poybads  vrza  Ices  then  24  V  and  small  compared 
to  ths  potentials  cf  2C0  f  CO  V  reached  by  the  mother  payload. 
Thus  the  two  payloads  were  at  a! moat  the  same  potenti al  dur¬ 
ing  these  particular  sequences.  Since  the  daughter  was  sep¬ 
arated  by  up  to  eevird  hundred  meters  from  the  mother  ir 
the  dirsetioo  perpendicular  to  the  Earth’s  magnetic  field  and 
therefore  was  well  outride  of  the  disturbed  region  around  the 
beam  column,  the  daughter  return  current  represents  s  mea- 
suremsot  of  the  paeaive  return  current.  The  return  current  to 
ths  mother  contains  both  a  pwriv*  and  aa  active  component. 

Figure  2  shows  the  fraction  of  the  beam  current  collected  by 
the  daughter  aj  a  function  of  altitude.  The  labels  SQ2  through 
SQ6  mark  the  berm  emission  sequences  performed  during  the 
flight  numbered  in  tinvs-requential  order.  Also  indicated  is  ths 
ratio  of  the  daughter  collecting  area  to  the  collecting  ares  of 
both  payloads,  Ao/A<««^.  At  high  altitudes,  around  250  km, 


Figure  1.  Configuration  of  the  CHARGE  2  pay- 
losd  and  the  electron  current  system  around  the  pay- 
loid  during  elect-on  beam  emissions.  l^m  k  the 
emitted  beam  elecl»--fl  current,  IUtKrr  is  the  electron 
current  in  the  tether,  /y  is  the  return  current  to  the 
mother  vod  Id  is  the  return  current  to  the  daughter. 
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S.  IV*  Beam- Atmosphere  Interaction  Model 

The  code  developed  to  study  the  interaction  of  in  electron 
beam  with  the  Earth's  upper  atmosphere  solve*  two  coupled 
first  order  non-linear  differential  equation*  in  the  forward  and 
the  backward  flux  at  electron*  streaming  m  the  direction  of  the 
safe  lent  magnetic  field.  The  equation*  coupling  the  forward 
differential  energy  flux,  ♦*,  and  the  backward  flux,  are 
given  by 


*)*>,.£)  -qr(',E)  +  E)  (J) 
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Figure  2.  Tether  to  beam  current  ratio, 
hik*rflu*m,  m  a  function  of  altitude.  SQ2  ihrey^h 
SQfi  mark*  in  tirae-eequential  order  the  experimertal 
sequences  performed  during  the  flight.  Abe  indicated 
is  the  ratio  of  the  daughter  collecting  area  to  the  total 
collecting  area  of  Mother  and  daughter,  Ad/Auui- 


tb*  tether  current  approaches  0.3  times  the  beam  current.  This 
value  is  dose  to  Ao/Atoui,  indicating  that  the  taro  payload* 
collect  return  current*  roughly  in  proportion  to  their  areas, 
which  is  to  be  expected  for  passive  current-collection.  Thu* 
at  high  altitude*,  where  the  ambient  plasma  density  is  large 
awd  the  neutral  density  is  low,  the  payloads  mainly  collect 
carnots  from  the  ambient  plasma.  The  return  currents  and 
corresponding  spacecraft  potentials  observed  around  apogee 
have  been  found  m  accordance  with  the  model  of  Parker  end 
Murphy  [Myers  ri  tt,  1989;  Mtnitll  tt  tl,  1990]. 

As  tbs  altitude  decreases,  the  current  collected  by  the 
daughter  decree**#  such  that  by  an  altitude  of  180  km  and 
below  almost  bo  current  is  collected  by  the  daughter.  Assum¬ 
ing  that  the  beam  escapes  the  near  environment  of  the  mother 
we  conclude  that  the  active  component  of  the  return 
current,  which  flows  directly  to  the  mother,  increases  wi'h  de¬ 
creasing  altitude.  Since  the  ambient  neutral  atmospheric  den- 
«ty  tin  increases  with  decreasing  altitude,  such  an  altitude 
dependence  is  suggestive  of  a  BAX  pr  cess.  In  the  following  sec¬ 
tion  we  describe  the  method  developed  to  quantify  the  fluxes 
yweratrd  by  BAL 


Figure  I.  The  iteration  scheme  used  to  eolve  the 
two  coupled  non-  linear  differential  equations  of  the 
counter-streaming  fluxes. 


Here  cj(r,  E)  is  the  crocs  section  describing  the  lose  of  flux  in 
the  energy  range  E  to  E  +  dE,  *i(t,E)  is  the  cross  section 
describing  the  elastic  back-scattering  at  electrons,  Q{x,  E)  is 
the  electron  production  rate  in  the  range  E  to  E  4  dE  due  to 
ionisation  processes  and  cascading  of  electrons  down  in  energy 
from  higher  energy  bins,  and  UE)  describes  the  kawe*  due  to  a 
finite  spacecraft  velocity.  The  cross  sections  take  into  account 
ionization  of  the  atmospheric  neutral  species,  backscatter  of 
electrons  by  neutral  and  charged  particles,  elastic  and  inelas¬ 
tic  collisions,  cascading  of  electrons  down  in  energy  etc.  The 
coordinate  system  is  chosen  such  that  the  *-axis  is  along  the 
magnetic  field  with  $+  streaming  in  the  positive  direction.  To 
account  for  pitch  angle  effects,  an  average  pitch  angle  of  54.78* 
is  used.  The  equations  in  their  detailed  form,  excluding  the 
term  describing  losses  due  to  finite  spacecraft  velocities,  are 
discussed  in  detail  in  Benh  tt  a l  [1974],  where  the  equations 
were  solved  for  the  case  of  auroral  electron  beams  interacting 
with  the  Earth’s  upper  atmosphere. 

The  scheme  adopted  to  solve  the  two  coupled  differential 
equations  is  shown  in  Figurt  3.  The  altitude  domain  is  divided 
into  two  repeat:  one  it  between  the  fower  altitude  boundary 
(70  km)  and  the  spacecraft  altitude,  and  the  other  is  between 
the  spacecraft  altitude  and  the  upper  altitude  boundary  (900 
km).  First,  the  differential  electron  flux  of  a  beam  emitted 
from  the  spacecraft  is  assumed  at  the  spacecraft  altitude.  The 
beam  may  be  emitted  either  op  or  down,  but  let  us  assume  in 
the  following  that  the  beam  is  emitted  down.  The  fluxes  are 
then  determined  in  the  region  between  the  lower  boundary  and 
the  spacecraft  altitude  in  the  same  way  as  was  done  for  the  case 
of  auroral  electron  fluxes.  Next,  the  upward  return  flux  found 
at  the  spacecraft  altitude  is  emitted  upwards,  and  the  flux 


Figure  4.  Illustration  of  the  tow  of  electron*  due 
to  a  finite  spacecraft  velocity  perpendicular  to  the 
magnetic  field. 
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hamisphetee  over  energy.  Since  the  Hum  and  thereby  the  BAI 
return  cumoti  ere  proportional  to  the  emitted  beam  current  it 
is  e©nv»ni«nt  to  define  the  grin  factor  A  ee  the  raa  of  the  cur¬ 
rent  densities  from  both  dixectiooe  normalised  to  the  emitted 
beam  correct  density, 

+  (4) 


The  p retire  return  current  to  the  mother  estimated  by  the 
NASCAP/  LEO  code  [A/aaitf/  *<  »L ,  1220]  ie  shown  is  Figure 
7iui  function  of  the  observed  return  current.  For  moet  of  the 
values  the  model  current  a  lower  than  the  observed  current. 
Extreme  difference*  can  be  **eo,  eepecially  foe  the  data  point 
marked  with  an  aeteriflk.  This  observation  «u  performed  at 
a  low  altitude  during  the  downleg.  Here  the  model  current  ie 
lea*  than  1  mA  while  the  obrerved  return  current  wm  id  mA. 

Figure  7b  thc*n  &n  estimate  cf  the  return  current  when  the 
BAI  current  is  added  to  tl.e  passive  current.  The  BAI  current 
kae  bate  found  frees  the  relation 
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Figure  7.  Model  eatiraatee  of  the  return  current  to 
the  mother  va.  obeervtd  return  current,  a)  The  model 
assumes  passive  current  collection  only  (NASCAP/ 
LEO  estimates).  b)  The  model  indudee  paesiw  and 
BAI  return  currents. 


upward*  and  in  the  opposite  direction  to  the  beam  it  wiP  ob¬ 
serve  a  flux  correepoeding  to  the  value  of  the  upper  branch  of 
t^wi  at  the  spacecraft  altitude.  The  downward  flux  abown  in 
Figure  6b  ie  coetinoou*  because  no  beam  electrode  are  emitted 
at  10  tV. 

As  can  be  sees  from  Figures  6a  and  6b,  energetic  electros 
fluxes  v*  generated  along  the  magnetic  field  out  to  cooider* 
able  distances  torn  the  spacecraft.  At  low  altitudes  the  elec¬ 
tron  fluxes  approach  aero  and  become  oenni-  directional  be¬ 
cause  of  scattering  in  **•  Aea**  atmosphere.  The  upward  flux 
decreases  relatively  slowly  wiit»  altitude.  This  effect  is  caused 
by  a  decrease  is  the  ambient  neutral  density  or  an  increase  in 
the  mean  free  path  which  allow  the  electrons  to  escape  almost 
freely.  Similarly,  the  downward  electron  flux  increases  frvm  es¬ 
sentially  aero  at  high  altitudes  to  large  values  at  lower  altitudes. 
The  creation  of  electron  fluxes  extending  along  the  direction 
of  the  magnetic  field  both  above  and  below  the  payload  to 
distances  far  beyond  the  psyload  potential  eheath  region  is  in 
qualitative  agreement  with  optical  observations  made  during 
the  Excede  2  [OWcif  **  al,  1278]  and  the  Echo  7  [WruckUr  *t 
a/.,  1289]  sounding  rocket  experiments. 

The  current  densities,  JBAl{x+),  at  the  spacecraft  location, 
can  be  found  by  integrating  the  return  fluxes  from  both 


where  A  is  the  aheeth  area.  As  can  be  seen  from  Figure  7b, 
the  agreement  between  this  new  model  estimate  of  the  return 
current  and  the  obc-?rvrd  return  current  is  much  better.  The 
LtU  point  marked  with  an  ts*?rltk  is  new  lifted  to  a  value 
slightly  larger  than  the  observed  value 

The  values  shown  in  Figures  5-7  have  been  calculated  as¬ 
suming  that  only  a  smaU  fraction  cf  tie  flux  a  collected  by  the 
spacecraft.  Aa  d;*cuiscd  in  Nes^rf  tf  at  [IJStf  the  sheath 
area  of  the  mother  is  about  12.8  rn*  when  chirked  to  4C0  V. 
With  the  assumption  that  the  flux-tube  crocs-eectiacsl  area  is 
100  m1,  the  paylcad  actually  reflects  about  11%  of  the  elec¬ 
trons  is  the  flux-tube  and  thus  tne  values  shown  in  Figures  2-5 
U«  slightly  overestimated. 


Nighttime  Atmosphere :  Bern  Doan 


figure  8.  The  BAI  gain  factor  A  as  a  function  of 
the  spacecraft  parameter  v. 
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Figure  5.  The  upward  and  the  downward  differen¬ 
tial  electron  flux  as  a  ftiaciioo  of  energy  at  the  space¬ 
craft  altitude  (260  fan).  The  beam  is  emitted  down¬ 
ward  with  an  energy  of  1  k*Y  and  a  current  of  100 
mA  (the  fluxes  scale  linearly  with  the  beam  current). 
Tbs  primary  beam  is  seen  aa  the  peak  at  1  keV  in  the 
downward  flux. 


equations  we  solved  ia  the  region  from  the  spacecraft  altitude 
awd  to  the  upper  boundary.  The  downward  flux  generated 
at  the  spacecraft  altitude  is  added  to  the  beam  flux  and  the 
procedure  is  repeated  until  satisfactory  convergence  is  reached. 

The  equations  are  solved  for  the  highest  energy  bin  first 
and  progressing  downwards  in  energy,  because  ionisation  and 
inelastic  scattering  leads  to  source  terms  in  lower-energy  bins. 
The  various  cross  sections  are  read  by  the  code  from  a  large 
file  coutaining  the  cross-sections  in  tabulated  form.  The  energy 
range  covered  is  from  0.25  eV  to  44  keV. 

The  effect  of  a  finite  spacecraft  velocity  has  been  approxi¬ 
mated  by  the  inclusion  of  the  lots  term  L(E )  in  equations  (1) 
and  (2).  The  loss  term  can  be  determined  from  the  following 
considerations  illustrated  in  Figure  4:  The  beam  is  assumed  to 
fill  a  retain*  with  the  dimensions  dx.dy  perpendicular  to  the 
magnetic  field.  The  spacecraft  velocity  component  perpendic¬ 
ular  to  the  magnetic  field,  *i,  gives  rw#  to  a  perpendicular 
flux  #x  through  the  area  element  dxdz  m  seen  in  the  space¬ 
craft  reference  system.  This  flux  is  lost  to  the  beam  flux-tube 
and  the  Ion  term  can  be  expreeaed  as 

«■>-£  » 

where  «|  is  the  particle  velocity  along  the  field. 

The  electron  beam  flux  is  modelled  by  a  Gaussian  distri¬ 
bution  in  energy  centered  around  1  keV  and  with  an  energy 
width  of  10%.  For  the  CHARGE  2  simulations,  the  beam  ia  as¬ 
sumed  to  fiD  a  flux-tube  with  a  dimension  perpendicular  to  the 
magnetic  field  of  10  m  x  10  m,  which  corresponds  to  about  4 
beam  electron  gyro-  radii  (for  90 deg  pitch  angle).  This  choice 
of  beam  column  width  ia  in  accordance  with  observations  ob¬ 
tained  in  the  Space  lab-2  experiment  flown  on  the  space  shuttle 
(jtaxk  et  el,  1989]  and  in  the  ECHO-7  sounding  rocket  exper¬ 
iment  ( K'lmHfr  cf  el,  1989).  The  beam  is  emitted  downwards 
fix  the  range  of  spacecraft  altitudes  and  corresponding  per¬ 
pendicular  velocities  obUined  in  the  CHARGE  2  experiment 
and  it  ia  assumed  that  the  mother  collects  only  a  small  frac¬ 
tion  of  the  return  fluxes.  The  MS  IS/ 80  model  [Hetin,  1987]  is 
used  fix  the  neutrd  atmosphere  (tfj.Oj  and  O)  and  the  IRI 
model  [Bikt:*,  1980]  ia  used  for  the  ionosphere.  The  models 
an  those  corresponding  to  the  local  time,  season,  geographic 
location  etc.  of  the  launch.  The  IRI  model  of  electron  densities 
compares  well  with  the  electron  densities  observed  during  the 
flight  (Myers,  1989]. 


An  example  of  the  differential  energy  Cox  spectrum  ob¬ 
tained  at  the  location  of  the  mother  platform  when  located 
at  aa  altitude  of  200  km  is  shown  in  Figure  5.  The  two  compo¬ 
nents  of  the  fluxes  shown  are  the  flux  streaming  in  the  direction 
of  the  beam  (down)  and  the  flux  streaming  counter  to  the  beam 
(up).  The  downward  flux  consists  of  two  contributions, the  pri¬ 
mary  electron  beam  which  is  seen  with  a  peak  at  the  beam 
energy,  and  the  flux  incident  from  above  *he  spacecraft,  seen 
at  lower  energies. 

The  fluxes  as  a  function  of  altitude  and  for  fixed  energies 
are  shown  in  Figure  0a  for  the  1-keV  electron  beam  energy 
and  ia  Figure  0b  for  10-eV  electrons.  The  spacecraft  altitude 
ia  again  200  km  as  indicated  on  the  figures  and  the  beam  ia 
emitted  downwards.  The  downward  flux  shown  in  Figure  0a 
is  discontinuous  at  the  spacecraft  altitude.  This  fact  simply 
reflects  the  location  of  the  beam  source  at  this  altitude,  tf 
aimed  downwards,  a  spectrometer  mounted  on  the  spacecraft 
wfll  observe  a  value  of  the  back-scattered  flux  corresponding 
«0«*  at  the  spacecraft  altitude.  If  the  spectrometer  is  aimed 


Figure  0.  The  differential  electron  fluxes  aa  func¬ 
tion  of  altitude  for  the  same  parameters  used  in  Fig¬ 
ure  5.  (a)  I-keV  electrons  and  (b)  10-eV  electrons. 
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5.  Plasma  Density  Enhancement* 

From  the  dircnsok*]  in  tks  previous  eect'on  it  a  ekar  th*t 
ths  BAI  return  current  collected  by  an  jcr.orpbetk  spacecraft 
depend  oc  the  cif  of  the  current  collecting  area  around  the 
spacecraft  as  well  a*  the  velocity  of  the  spacecraft.  In  general, 
w#  expect  the  faster  moving  orbiting  spacecraft  lit*  the  spec* 
•buttle,  the  planned  US  space  ataticn  Freedom,  and  low  Eerth 
oe biting  (LEO)  satellites  to  collect  lea  BAI  currents  than  tbe 
•losrar  nseving  sounding  rochet  ptykrvds.  On  the  other  band, 
both  the  apace  atatica  and  the  shuttle  have  very  large  currant 
collecting  arte*.  Both  of  these  effects  are  contained  in  the 
•qvatsoo  for  the  Ices  term  (eq.  (3)),  and  can  be  described  by 
a  tingle  parameter  w, 


In  Figure  8  ie  shown  the  gain  factor  A  as  a  function  of  ¥ 
for  three  different  Altitudes.  In  this  case,  the  gain  factor  ia 
separated  into  two  parts  describing  the  fluxes  returning  from 
above  and  below  the  spacecraft.  Ae  expected,  when  ¥  become* 
Urge,  A  decras^a.  Similarly,  when  the  altitude  incraaras,  A 
decreases.  At  tbe  bottom  of  the  Sjrre  is  indie. ted  tbe  range 
in  ¥  that  can  potentially  be  ewered  by  the  various  ionospheric 
spacecraft.  An  array  of  10  electron  gun*  along  the  space  sta¬ 
tion  may  for  instance  result  in  a  Urge  value  cf  dy.  say  100  m. 
The  ioEcepbcric  orbital  velocity  is  typically  7  kma"1  with  per¬ 
pendicular  velocities  (to  B)  down  to  3.5  Lrra*1.  The  minimum 
of  ¥  b  then  35  a-1. 

la  order  for  the  BAI  currant  to  balance  the  beam  current  A 
mast  be  aomewhat  larger  than  I.  From  Figure  8  we  estimate 
that  at  200  km  altitude,  a  spacecraft  with  a  v  of  50  s~‘  will 
jnst  be  able  to  collect  the  complete  return  current  from  the 
BAI.  The  plana  density  enhancement  in  the  beam  collumn 
reselling  from  beam  emirjicas  from  such  a  spacecraft  is  shown 
in  Figure*  9.  The  beam  currant  is  l  A,  and  the  beam  energy  is  1 
keV  (9a)  and  10  keV  (9b).  The  eroorecticnal  ares  of  the  beam 
fioxtube  is  scaled  with  the  energy  in  order  maintain  a  beam 
radius  that  is  3  5  beam  electron  Lsrmor  radii  Also  shown 
for  reference  with  a  thin  line  is  the  background  ionospheric 
density  The  model  atmosphere  is  the  same  as  the  one  used  for 
tbe  CHARGE  2  simulation,  which  is  a  model  for  Vocal  midnight 
at  32*  latitude. 

As  can  be  seen  from  Figure  9,  substantia!  enhancements 
of  tbe  plasma  density  is  created  by  the  beam.  This  beam- 
ptodoced  density  enhancement  will  decay  first  to  NO*  through 
rapid  reactions  cf  Nf  ,Ot ,  and  O*  with  the  neutral  cociti- 
toenta  tfj.Oj,  and  O,  then  NO*  is  Vost  via  a  dissociative 
recombination  reaction  of  the  form 

NO*  +e  -  AT  +  CT  (7) 

Using  the  dissociative  recombination  rate,  op,  to  represent  the 
of  tb*  decay  of  the  density  enhance  merit,  an  approximate 
density  dependant  time  constant  is 

n>  =r  I/oflnjp  (8) 

or  rp  2  7.7  x  l0*/n,  seconds,  with  n,  given  in  units  of 
elect  rona/em*  [f  tub  and  GilcXHtt,  1985].  The  time  constant 
is  about  7.7  second  for  the  maximum  density  enhancement 
seen  in  Figure  9b  for  a  10  keV  beam.  When  the  density  has 
decayed  to  10*  cm'"*,  the  time  constant  is  about  ooe  minute. 
This  density  is  still  a  factor  100  larger  than  the  background 
density  around  110  km  altitude. 

6.  Summary 

Under  the  simple  assumption  that  the  beam  flux-tube  bee 
•  ctos*-  sectional  area  of  100  n*,  the  observed  active  return 
csrrent  the  CHARGE  2  mother  psyload  ia  found  to  bs  in 
1®°^  agreement  with  tbe  BAI  model.  This  supports  our  a*- 
sumption  that  tbe  BAI  is  the  dominant  process  generating  the 
active  component  of  tbe  return  current  at  these  altitudes  and 
reinforces  out  trust  in  the  BAI  model.  We  find  that  the  pre¬ 
dictions  from  tbe  model  of  electron  fluxes  extending  to  large 
distances  in  the  direction  of  the  emitted  beam  as  well  as  in 
the  opposite  direction  is  in  qualitative  agreement  with  opti¬ 
cal  observations  performed  in  past  experiments  [O'Neil  ef  *A 
1978;  Wmekler  et  si,  1989].  Similarly,  the  prediction  cf  ele©- 
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Figure  9.  The  plasma  density  enhancement  cre¬ 
ated  by  a  beam  emitted  from  200  km  altitude.  Tbe 
beam  current  is  1  A  and  tbe  beam  energy  1  keV  (a) 
and  10  keV  (b). 

tron  fluxes  incident  on  the  spacecraft  from  both  hemispheres 
is  in  qualitative  agreement  with  observations  [Wiacifer  et  si, 
1975]. 

One  of  the  main  shortcomings  of  tbe  model  is  the  uncer¬ 
tainty  of  the  -tosa-sectional  area  of  the  beam  flux-tube  and 
tbe  variation  of  the  electron  fluxes  across  this  area.  A  more 
rigorous  treatment  of  the  problem  would  involve  Monte  Carlo 
techniques  to  determine  the  dimension  and  the  distribution  of 
elect  rocs  acrocs  the  flux-tube. 

We  have  shown  that  the  BAI  process,  below  altitude*  of 
about  180  -  200  km  altitude,  may  supply  a  return  current  to 
a  spacecraft,  which  completely  balances  tbe  beam  current.  In 
this  ease,  very  Urge  currents  may  be  emitted  without  disrup¬ 
tive  charging  of  the  spacecraft.  This  allow*  for  the  generation 
of  substantial  plasma  density  enhancements  at  ionospheric  El- 
region  altitudes.  The  decay  of  these  through  recombination 
k»*»  >  d unity  dependent  time  ectk  Toe  •  pUem*  deneity 
enhiaoement  two  otden  of  megnitode  Urget  then  the  b*d- 
(Joood  &  region  pUitni  deneity,  the  time  tcele  m  of  tie  order 
of  one  minute. 
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DISCUSSION 

B.  N.  HAEHUJH,  BO 

Did  you  observe  any  enhancements  In  th«  background  plasma  dnnaity  during  electron 
teas  injections  on  the  CHARGE  rocket? 

AUTHOR'S  REPLY 

The  instrument  capable  of  making  these  observations  refused  to  cooperate  and  ve  have 
no  information,  unfortunately. 

D.  PAFASOPOULOS,  US 

All  the  spectra  you  showed  ere  consistent  with  what  was  observed  in  the  JSC  chamber 
and  EXJEDE  as  well  other  experiments  under  beam  plasma  instability  and  BPD  conditions 
which  clearly  invalidate  singl*  particle  dynamics.  How  do  you  justify  the  anaiysis? 

AUTHOR'S  REPLY 

Re  eee  no  evidence  for  BPD  in  the  CHARGE-11  experiments.  The  return  current 
variation  with  altitude  is  well  explained  by  classical  electron  scattering  ir.  the 
atmosphere.  BPD  is  not  required  for  current  balance. 

«.  BURKS,  US 

In  the  ECHO  7  experiment,  36  keV  electrons  were  emitted  beth  up  end  down.  The 
vehicle  charging  was  greater  than  5  kV  in  both  cases.  I  suspect  that  a  36  keV  beam 
stops  at  95  km  where  the  scale  height  is  small  differs  from  Herbert's  1  keV  beam  that 
stops  near  160  km  \-ere  the  scale  height  is  long. 

AUTHOR'S  REPLY 

Calculation  of  the  ECHO-7  results  should  be  made. 
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IONOSPHERIC  MODIFICATION  USING  RELATIVISTIC  ELECTRON  BEAMS 

P.  M.  Banks,  A.  C.  Fraser-Swith,  and  B.  E.  Gilchrist 

Space,  Telecommunications  and  Radio*cience  laboratory 
Stanford  University 
Stanford,  California  94305,  U-S.A. 


SUMMARY 

TV*  meat  development  of  comparatively  small  electron  linear  accelerator*  (linacs)  now  make*  possible  a  anr 
class  of  ionospheric  modification  experiment*  asing  beam*  of  relativistic  electron*.  These  experiment*  can 
potentially  provide  much  new  Information  about  the  interaction*  of  natural  relativistic  electron*  with  other 
particle*  in  the  upper  atmosphere,  and  it  may  al*o  make  possible  new  forms  of  ionization  itructure*  extending 
down  from  the  lower  ionosphere  into  the  largely  unionized  upper  atmosphere.  In  thi*  paper  we  investigate  the 
consequence*  of  firing  a  pulsed  1  A,  5  Mev  electron  beam  downwards  into  the  upper  atmosphere.  If  a  small 
pitch  ingle  with  reaped  to  the  ambient  geomagnetic  field  i*  selected,  the  beam  produce*  a  narrow  columa  of 
substantial  ion-iation  extending  down  from  the  source  altitude  to  altitude*  of  —  40  to  45  km.  This  column  i* 
immediately  polarized  by  the  natural  middle  atmosphere  fair  weather  electric  field  and  an  increasingly  large 
potential  difference  is  established  between  the  column  and  the  surrounding  atmosphere.  In  the  regions  betwen 
40  to  60  km,  this  potential  can  amount  to  many  ten*  of  kilovolt*  and  the  associated  electric  field  can  be  greater 
than  the  field  required  for  breakdown  and  discharge.  Under  these  condition*,  it  may  be  posiible  to  initiate 
lightning  dUchargt*  along  the  initial  ionization  channel.  Filamentition  may  also  occur  at  the  lower  end  to  drive 
further  currents  in  the  partially  ionized  gates  of  the  s’ratosphere.  Such  discharges  would  derive  their  energy 
from  the  earth  ionosphere  electrical  lystem  and  would  be  sustained  anti!  plasma  depletion  and/or  electric  heU 
reduUKHi  brought  the  discharge  under  control.  It  i*  likely  that  this  artificially-trigg-  red  lightning  would  produce 
measurable  low-frequency  radiation. 


1.  INTRODUCTION 

Previous  experiments  with  electron  beams  in  space  have  been  limited  by  practical  considerations  to  relatively  low  particle 
energies:  To  the  best  of  our  knowledge  the  maximum  electron  energy  yet  used  in  a  conventional  space  experiment  is  of  the 
order  of  40  keV.  The  motivation  for  the  present  study  has  come  from  a  realization  that  linoc  electron  accelerators  have  reached 
a  state  of  technology  permitting  relatively  small  uni»s  to  be  mounted  in  pay  leads  suitab’e  for  *pacecraft.  Doa,  it  is  now 
worth  considering  the  full  range  of  consequences  of  using  such  a  beam  for  a  variety  of  purposes,  including  the  creating  of 
plasma  density  irregularities  in  the  lower  ionosphere  and  the  probing  of  electrodynamic  regions  of  the  middle  atmosphere. 

In  the  following  sections  we  describe  the  possible  consequences  of  operating  a  moderately  powerful  (~  5  MW  peak  power), 
relativistic  (-*  5  MeV)  electron  accelerator  fr*-  \  a  satellite  or  rocket  platform.  In  such  an  experiment,  a  beam  of  relativistic 
electrons  fired  downwards  from  space  will  cr  Je,  by  means  of  electron  impact  ionization,  an  ionized  column  whose  length  and 
crow  aectional  area  will  be  set  by  eleettor  .oergy  loss  and  scattering.  As  discussed  later,  owing  to  the  relatively  «me It  cross 
section  for  electron  interaction  with  mat'  r  at  relativistic  energies,  a  single  pulse  from  *uch  a  beam  will  penetrate  to  thr  lower 
mesosphere  and  upper  stratosphere,  c*  _zing  a  dense  column  of  free  electrons  and  positive  ions.  At  roesospberic/itratospheric 
altitudes  the  electrons  are  rapidly  U-  «  via  attachment  reactions  with  Oj  to  form  O j-  Whiles  the  column  is  composed  largely 
of  free  electrons,  it  can  scatter  rctromagnetic  radiation  and,  surprisingly,  may  even  initiate  an  intense  upward  traveling 
electrical  discharge  similar  *  >  lightning. 

Before  passing  to  tbe  calculations  of  beam  interactions,  however,  it  is  informative  to  compare  the  ionizing  effects  of  electrons 
and  photons.  Generally  speaking,  electrons  in  the  energy  range  1  to  5  MeV  have  appreciably  smaller  interaction  cross  sections 
with  matter  than  easily  obtainable  EUV  photons  or  X-rays.  Even  hard  X-rays,  for  which  there  are  as  yet  no  convenient  space 
payload  source*,  only  penetrate  to  the  altitude  lange  of  50  tn  60  km.  Thus,  if  there  is  a  need  to  produce  appreciable  ionization 
as  deep  as  the  upper  stratosphere,  relativistic  electrons  are  the  logical  choice. 

Another  factor  relates  to  the  net  energy  flux  carried  by  electron  beams.  Unlike  high  energy  photon  sources,  which  have 
a  generally  broad  beam  divergence  and  accompanying  r~J  energy  diminution  with  distance  from  the  source,  electron  beams 
are  const  "lined  to  remain  geometrically  confined,  varying  in  intensity  only  in  response  to  changes  in  tbe  strength  o.  tV 
magnetic  field  and  transverse  spreading  associated  with  scattering  by  atmospheric  particles.  Thus,  it  can  be  expected  thaf  a 
relativistic  electron  beam,  if  injected  at  a  small  pitch  angle  with  respect  ic  the  geomagnetic  field  (and  arsuroing  adequate  space 
charge  neutralization),  will  remain  confined  until  it  has  lost  a  substantial  fraction  of  it*  initial  kinetic  energy.  Furthermore, 
a  surprisingly  Urge  fraction  (~  20%)  of  the  initial  beam  energy  will  be  expended  in  producing  atmospheric  ioulzztion  along 
the  path  of  tbe  beam. 

We  now  describe  the  ph’  si  cal  processes  which  accompany  the  firing  of  a  pulsed  relativistic  electron  beam  downwards  along 
a  magnetic  field  lint  into  the  middle  atmosphere.  Consideration  is  given  to  the  resulting  altitude  profile  of  ionization,  the 
conversion  of  the  initial  atmospheric  positive  ions  and  free  electrons  into  an  end  product  state  of  positive  ions,  electrons, 
and  negative  ions,  and  the  possibility  that  the  resulting  beam  column  of  ionization  may  lead  to  a  high  voltage  breakdown 
condition  mimicking,  to  some  extent,  natural  lightning. 

2.  IONIZATION  COLUMN  DYNAP4ICS 
2.1.  Ionization  Production  Rate* 

Consider  a  relativistic  electron  beam  of  current  /  composed  cf  oonoenergctic  electrons  of  velocity  9  fired  parallel  to  the 
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Figure  1.  Average  energy  per  particle  of  a  5  MeV « lectron  beam  penetrating  vertically  into  the  middle  atmosphere. 
Details  of  the  calculation  arc  given  in  Appendix  A. 


local  geomagnetic  field.  We  assume  that  the  beam  emerges  from  an  aperture  of  area  .\q  and  expands  slowly  with  distance 
along  the  magnetic  field  such  that  the  area  of  the  beam  is  A,  at  a  distance  s  from  the  source.  The  beam  current  is  assumed 
to  be  pulsed  with  an  “on*  period  of  t  seconds  each  pulsiug  cycle.  As  the  beam  travels  downwards  along  the  magnetic  field, 
ionization  is  produced  through  electron  impact. 

Following  the  treatment  of  [1],  the  number  of  ionization  pairs  per  unit  path  length  in  air  at  STP  produced  for  each  incide.it 
electron  is  approximated  by  the  ionization  formula 


dS  4b  ion  pairs 
da  ~  ff1  air  -  cm 


where  the  distance  a  is  measured  along  the  local  geomagnetic  field  and  0  =  v/c  is  the  ratio  of  particle  velocity,  v,  to  the  speed 
of  light,  c.  Equations  of  greater  detail  also  exist  and  are  discussed  in  Appendix  A. 

As  the  electron  beam  moves  downwards  into  the  atmosphere,  each  electron  of  the  beam  gradually  loses  kinetic  energy  as 
a  consequence  of  inelastic  collisions  with  the  atmospheric  gases.  This  effect  is  shown  in  Figure  1,  and  it  is  based  on  the 
equations  in  Appendix  A.  The  figure  gives  the  average  energy  per  particle  of  the  incident  beam  as  a  function  of  altitude.  For 
altitudes  down  to  about  70  km  there  is  little  energy  loss.  Below  this  point,  howe.-er,  the  exponentially  increasing  density 
of  the  atmosphere,  coupled  with  the  rise  of  energy  loss  rate  with  decreasing  electron  energy,  dictates  a  progressively  greater 
decrease  in  beam  particle  energy.  By  the  time  that  the  beam  has  reached  40  km,  virtually  all  of  the  original  beam  energy  has 
been  deposited  in  the  atmosphere. 

Using  the  results  or  Appendix  A,  it  is  possible  to  compute  the  local  rate  of  energy  loss  per  unit  distance  of  beam  travel 
as  a  function  of  altitude.  The  typical  profile  of  energy  deposition  is  shown  here  as  Figure  2.  The  interesting  result  is  that 
the  rate  of  energy  deposition  is  generally  proportional  to  the  neutral  gas  concentration  and  that  a  large  amount  of  energy  is 
deposited  in  the  atmosphere  at  the  end  of  the  beam  penetration.  This  arises  because  of  the  large  increase  in  beam  energy- 
loss  rate  at  low  electron  energies.  The  consequence  ?s  that  there  can  be  a  substantial  increase  in  local  electron  density  in  the 
terminus  zone  of  beam  penetration.  This  general  effect  is  discussed  in  more  detail  following  a  discussion  of  the  effects  of  beam 
scattering.  <- 

For  a  beam  of  current,  /  ,  and  projected  area,  A„  normal  to  the  magnetic  field,  the  local  rate  of  production  of  electrons 
and  ions  per  cm*  per  second,  q ,  is  given  by  tne  expression 


(2) 


where  n  is  the  neutral  gas  concentration  at  the  observarioo  point  and  no  s c  the  concentration  of  the  atmosphere  at  STP  (no 
=  2.67  x  101’  molecules  cm'3). 

Knowledge  of  the  area,  At,  of  the  beam  at  any  point  in  the  trajectory  is  an  important  part  of  calculating  the  local 
ionization  production  rate.  As  individual  electrons  pass  through  matter,  minute  deflections  occur  as  a  consequence  of  Coulomb 
interactions  with  atmospheric  atoms  and  molecules.  These  deflections  axe  equivalent  to  the  introduction  of  perpendicular  (to 
the  local  magnetic  field)  velocity  components  to  the  beam  electrons  and  small  displacements  of  their  gyrocenters  so  that  after 
many  collisions  there  can  be  appreciable  spread  of  the  beam.  This  effect  can  spread  the  total  ionization  production  over  a 
significant  area,  lowering  the  local  enhancement  of  the  electron  and  ion  density. 
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Figur*  l.  Relativistic  electron  beam  energy  ioss  rate  shown  sj  a  function  of  altitude  in  th*  middle  atmosphere. 
The  peak  deposition  at  th*  end  of  the  path  is  due  to  the  rapid  rise  in  energy  loss  which  ocnin  at  low  electron 
energies  Details  of  the  calculation  are  given  in  Appendix  A. 


There  is  extensive  knowledge  of  electron  scattering  in  various  materials,  including  air;  e  g.,  [2j.  Using  standard  approaches, 
it  is  even  possible  to  compute  the  angular  scatter  effects  of  low  -tensity  materials  where  perpendicular  transit  is  an  important 
part  of  '.he  final  beam  area  distribution.  Howeves,  up  to  the  present  time  we  have  been  unable  to  discover  any  method  which 
adequately  takes  into  account  the  confining  effect  of  a  magnetic  field  on  a  strongly  peaked  (energy  and  angle)  electron  beam. 
Figure  3  illustrates  this  situation  by  following  the  trajectory  of  a  single  electron.  As  it  leaves  the  source  the  electron  initially 
travels  directly  down  the  magnetic  field.  At  some  point,  however,  it  suffers  a  scattering  collision  which  changes  it*  pitch 
angle.  Such  scattering  interactions  continue  with  increasing  frequency  until  the  electron  has  lost  all  of  its  initial  energy.  As 
a  consequence  of  the  accumulated  angular  scattering,  the  electron  may  be  substantially  deflected  io  a  lateral  direction  with 
respect  to  the  original  magnetic  field  line  trajectory.  This  behavior  is  indicated  in  Figure  3  by  showing  hypothetical  scattering 
collisions  and  the  envelope  of  an  electron’s  helical  motion. 

In  this  situation,  we  find  that  the  traditional  calculations  of  ele  Iron  beam  spreading  are  incorrect  since  they  ignore  the 
confining  effects  of  the  geomagnetic  field.  Walt  et  al.  (3]  have  attacked  this  proMem  for  the  case  of  a  non-peaked  relativistic 
electron  beam,  and  they  derived  analytic  expressions  for  the  ionization  rate  as  a  function  of  altitude,  but  the  results  may  not 
be  accurate  for  the  case  at  hand. 

Calculations  for  the  highly  peaked  distributions  considered  here  could  be  made  in  a  guiding  center  formalism  which  would 
take  into  account  the  gradual  outward  diffusion  of  electrons  resulting  from  scattering.  However,  this  new  work  has  not 
been  practical  within  the  limits  of  the  present  study.  Instead,  we  use  three  approximations  to  the  electron  beam  area:  An 
are*  which  corresponds  to  no  scattering  by  the  atmosphere  (Aa  =  w/4m2),  an  area  which  corresponds  to  the  gyroradius  of 
the  relativistic  electrons  at  the  energy  of  the  source  [A,  =  W^rm*),  and  the  full  scattering  predicted  from  non-magneiic, 
conventional  scattering  equations  ( A ,  =  108  mJ  at  5u  km  altitude).  In  addition,  we  simply  assume  that  at  the  very  end  of  the 
beam  penetration  there  is  a  substantial  spatial  blooming  of  the  beam  as  scattering  assumes  great  importance  ir.  the  last  few 
kilometers  of  beam  travel. 

The  result  of  these  assumptions  is  to  give  the  model  of  the  region  of  electron  beam  ionization  enhsneement  shown  in  F  ."gure 
4-  The  overall  shape  of  the  ionization  region  produced  by  the  beam  can  be  compared  with  that  of  a  mushroom  anchor  A 
long,  increasingly  thick  coiumn  of  ionization  eventually  meets  a  thick,  radially  broad  cap,  a  consequence  of  electron  scattering. 

We  now  return  to  quantitative  calculations.  Using  the  energy  loas  rate,  altitude  profiles  of  the  plasma  produced  by  single 
pulses  from  an  electron  source  can  be  made  taking  into  account  the  full  range  of  energy  degradation  process.  Since  charged 
particle  recombination  operates  on  time  scales  of  many  milliseconds,  a  beam  pulsed  with  relatively  short,  microsecond  bursts 
will  give  a  net  production  of  new  ionization  equal  to  the  product  of  the  local  production  rate  and  the  beam  on  time.  The 
newly  introduced  charged  particles  then  decay  according  to  recombination  and  other  ionic  and  electronic  reactions  with  the 
gases  of  the  middle  atmosphere. 

Figure  5  shows  ionization  production  rate  as  a  function  of  altitude  calculated  for  a  1  A,  5  MeV  electron  beam  pulsed  on 
for  5  pseconds  with  different  assumptions  about  ihe  beam  area.  The  production  is  proportional  to  the  neutral  gas  number 
density  for  most  of  the  path,  but  large  ionization  rates  obtained  near  the  end  of  the  beam  show  where  scattering  is  impo'-tant 
with  consequent  large  lateral  dispersions. 

The  initial  burst  of  new  ionization  from  a  relativistic  electron  beam  can  have  a  high  “contrast*  with  respect  to  the  pre¬ 
existing,  background  plasma.  Figure  6  shows  typical  day  and  night  electron  densities  for  the  middle  atmospheric  regions.  Also 
included  is  the  new  density  calculated  above  for  a  single  5  psecond  burst.  It  can  be  seen  that  the  beam- associated  ioflixatkro 
can  be  much  larger  than  the  ambient  ionization  for  altitudes  depending  on  the  particular  beam  cross  sectional  area. 
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Figure  S.  Schematic  view  of  the  effects  of  small  angle  scattering  on  the  pitch  angle  and  Utcid  deflection  of  an 
energetic  electron  initially  moving  parallel  to  the  local  magnetic  field.  Each  collision  enlarges  the  gyroradius  and 
moves  the  gyroradius  defining  the  electron  motion. 

More  complete  analyses  of  electron  beam  penetration  must  take  into  account  beam  divergence  arising  from  the  finite  range 
of  pitch  angles  at  the  beam  source,  the  confining  feature  of  the  magnetic  field,  and  the  important  effects  of  electron  scattering 
which  accompany  traversal  through  the  atmosphere.  A  description  of  these  is  given  in  Appendix  A,  which  provides  the  basis 
fee  the  ionization  production  rate  discussion  of  this  section. 


Figure  4.  Illustrating  the  penetrat  on  of  the  electron  beam  into  the  middle  atmosphere.  The  plasma  density  of  the 
beam-produced  ionization  column  rill  be  much  greater  than  the  ambient  ionospheric  density.  In  addition,  owing 
to  strong  scattering  at  the  end  of  :fae  trajectory,  we  expect  a  substantial  “blooming"  of  the  ionization  structure. 
It  ia  assumed  that  the  beam  is  lam  cbed  parallel  to  the  local  magnetic  field. 
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Figure  5.  Ionization  production  as  a  function  of  rJlitude  for  a  5  j»second.  5  MeV,  1  A,  electron  bea.3  fcr  three 
different  beam  cross  sections.  Contour  A  it  for  a  variable  beam  cross  section  due  to  atmospheric  teat tering  without 
a  magnetic  field  Curve  B  and  C  assumes  constant  uross  rection  radii  of  602  and  0.5  meters,  respectively.  The  602 
m  radius  represents  the  relativistic  gyreradius  of  a  5  McV  beam. 


2.3.  Plasma  Chemistry 

The  initial  ionization  created  by  the  pulsed  electron  beam  consists  of  positive  atmospheric  ions  (Of,  Mf )  and  free  secondary 
electrons.  Once  created,  the  positive  ion*  will  undergo  reactions  with  the  ambient  ga.*es  of  the  atmosjhere.  resulting  in  a 
variety  of  final  positive  ion  products  which  can  be  computed  using  atmosphere  chemistry  codes.  Typically,  large  cluster 
positive  ions  will  begin  to  form  in  competition  with  dissociative  recombination,  a  process  which  is  rapid  at  the  high  plasma 
densities  of  the  narrower  modrls  of  the  ionization  column. 

The  secondary  electron,  in  contrast,  undergo  two  more  stages  of  activity.  First,  those  having  significant  energies  will 
have  subsequent  additional  er.eigy  losses,  including  optical  excitation  and  impact  ionization  of  atm<»spheric  gav-s  Electrons 
of  lower  energy  will  cool  to  atmospheric  temperature  by  mean*  of  various  inelastic  collisions  with  atmospheric  gases  and, 
thereby,  become  part  of  the  background  D-regon  and  upper  stratospheric  plasma. 
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Figure  fl.  Comparison  of  initial  ionization  enhancement  produced  per  unit  volume  with  the  average  ambient 
denrity  of  the  E-  and  D-regions  for  day  and  night  conditions.  Curves  B  and  C  are  defined  in  Figure  5. 
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Since  it  it  the  electrons  that  interact  most  strongly  with  electromagnetic  radiation,  it  U  important  to  understand  the  various 
processes  which  affect  their  density  decay.  On  the  cae  hand,  recomhination  with  ions  occurs  at  a  certain  rate  in  proportion 
to  the  ion  concentration.  The  time  constant  for  this  is  set  by  the  dissociative  recombination  coefficient,  o,  and  the  density  o' 
ambient  ions.  A  useful  expression  for  the  time  constant  for  dissociative  recombination  is  given  by 


i 

to  * - 

apne 

where  op  is  the  dissociative  recombination  rate,  given  by 


op  *3x  lO^—^^soc'*1 


(3) 

(4) 


where  T  is  the  electron  temperature.  Typical  plasma  densities  of  10*  to  10*  tm"1  within  the  beam-produced  ionization 
column  give  dissociative  recombination  decay  times  of  seconds  or  more. 

A  more  important  loss  process  for  cold  electrons  is  attachment  to  neutral  Oj  to  form  O2  iocs.  This  three-body  reaction 
progresses  according  to  the  reaction 

e”  +  O2  +  O2  — ♦  OJJ  +  O2  +  0.45  eV  (5) 


which  Has  a  rate  coefficient  [4]  given  by 

k  =  1.5  .•  11  (6) 

where  T  is  the  temperature  of  the  background  neutral  atmosphere  and  n(Oi }  1*  the  molecular  oxygen  density.  Calculations 
show  that  such  attachment  of  free  electrons  becomes  a  very  important  process  below  about  70  km  altitude  in  the  mesosphere. 
As  shown  below,  it  is  the  primary  limitation  on  the  lifetime  of  free  electron  densities  arising  from  the  relativistic  electron 
beam  experiment. 

To  understand  this  effect,  we  must  consider  the  overall  balance  between  electrons  and  0 J  ions.  While  electron  attachment 
removes  the  free  electrons,  there  are  several  reactions  serving  to  liberate  them,  including  photodetachment  (in  sunlight)  and 
reactions  of  0^  with  0\  and  O.  For  the  present  models,  it  seems  reasonable  to  ignore  these  last  two  reactions:  The  O  and  Oj 
densities  are  sufficiently  low  in  the  regions  between  40  km  and  70  km  for  their  detachment  reactions  with  OJ  to  be  ignored. 
Thus,  to  modJ  1  be  time- dependent  electron  density  in  the  beam  column,  we  can  approximate  the  real  situation  by  considering 
only  electron  attachment  to  Oj  and  photodetarhmenf  in  sunlight. 

The  photodetachment  of  electrons  from  Oj  is  expressed  as: 

OJ  +  hv  O2  +■  e  (7) 

where  the  rate  coefficient  J  =  0.3  sec"1  at  zero  optical  depth  [4]. 


Table  1.  Electron -Negative  Ion  Equilibrium 
Time  Constant. 


Height  (km) 

Time  Constant  (sec) 

30 

1.2  x  10’4 

40 

1.9  x  JO'1 

50 

2.3  x  10'1 

60 

2i  x  10-' 

70 

1.9  x  10" 

80 

3.3  x  10° 

Competition  between  electron  attachment  and  photodetachment  ran  be  studied  bv  a  simple  time  dependent  model  of 
ionization  loss  which  ignores  recombination.  If  there  is  an  initial  electron  density.  A'o,  at  time  t  =  0,  the  electron  density  at  a 
later  time  is  given  by  the  expression 

-«-/'))  <*) 

where  r  is  a  time  constant  for  reaching  equilibrium  conditions,  given  by  the  expression 

l 

T  =  (^+*)’ 


(9) 
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k  i*  the  attachment  rate  for  equation  (5),  and  J  is  the  zero  optical  depth  photodetachment  rate  for  0j .  Value*  of  r  a*  a 
function  of  altitude  are  given  in  Table  1. 

Figure  7  »how«  the  time  history  of  the  equilibrium  ratio  of  electron  dersity  to  initial  ion  density,  7,  at  aeveral  altitude*.  It 
i«  clear  that  even  in  daylight  electron!  at  low  altitude*  will  quickly  be  transformed  to  negative  ionj. 

Ffom  the  foregoing  we  can  conclude  that  an  appreciable  concentration  of  free  electron*  can  be  created  by  an  initial  pu!*e 
of  relativistic  electron*.  However,  the*e  will  disappear  by  two  major  processes  (i)  attachn*enl  with  Oj  and,  at  a  tlower  pace, 
iy  (ii)  recombination  with  positive  ions  At  altitude*  above  70  km  the  lifetime  of  the  electron*  is  long,  measured  io  term*  of 
aecood*.  Below  70  km.  attachment  become*  increasingly  important,  *uch  that  at  altitude*  of  50  km  free  electron  lifetimes  are 
measured  in  term*  of  miiliaccondj,  even  in  daytime. 
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Figure  7.  Showing  the  ratio  of  equilibrium  electron  to  initial  ion  density,  7,  as  a  function  of  altitude.  These 
results  demonstrate  the  idea  that  free  electron*  are  rapidly  converted  to  negative  ions  at  low  altitude*. 


J.  ELECTRODYNAMICS  OF  AN  IONIZATION  COLUMN  IN  THE  MIDDLE  ATMOSPHERE 

It  is  well  known  that  the  middle  atmosphere  plays  an  a*  tive  part  in  global  electrodynamics,  serving  as  a  conducting  medium 
for  the  spatially  dispersed  currents  arising  from  thunderstorm  activity  throughout  the  world.  Although  the  largest  values  for 
the  atmospheric  electric  fields  are  found  within  the  troposphere  near  the  earth’s  surface,  in  situ  observations  indicate  that 
substantial  potential  drop*  are  still  possible  in  the  upper  stratosphere  and  mesosphere.  Using  several  different  measuring 
methods,  Maynard  and  Hair  and  their  co-  workers  have  found,  on  occasion,  electric  fields  on  the  order  of  volts  per  meter  in  the 
D- region,  implying  that  there  may  be  total  potential  drops  on  the  order  of  IC’s  of  kilovolts  over  distances  of  10’s  of  kilometers 

(5.61. 

Within  the  context  of  the  present  study  it  is  appropriate  to  investigate  the  interactions  that  might  occur  between  a  transient, 
highly  conducting  iomzation  column  and  ambient  electric  fields  of  the  middle  atmosphere.  This  is  done  in  the  fo1  lowing  way. 
First,  we  assume  that  the  ionization  column  is  produced  instantaneously  with  a  certain  altitude  profile  of  electron  density 
and  beam  area.  Next,  under  the  action  of  the  existing  atmospheric  electric  fields,  currents  will  be  established  in  the  column, 
leading  it  to  charge  at  a  certain  rate  to  the  potential  of  the  highly  conducting  ionosphere  lying  above.  At  each  point  along 
the  column  the  potential  difference  between  the  column  and  the  surrounding  atmosphere  will  also  rise.  At  some  point  it 
may  be  the  case  that  the  associated  electric  fields  are  sufficiency  large  to  accelerate  ambient  and  ionization  column  electrons 
to  sufficiently  large  energies  to  cause  additional  ionization;  i.e.,  breakdown  will  occur.  In  this  situation,  a  discharge  would 
be  initiated  with  the  po«sibilitj  of  subsequent  large  currents  occuring  in  the  ambient  medium  and  the  conducting  ionization 
column.  Such  a  discharge,  the  equivalent  of  lightning,  would  continue  until  the  ionization  column-associated  electric  field  is 
reduced  below  the  breakdown  level  of  the  atmosphere. 

To  proceed,  we  first  compute  the  resistivity  and  charging  time  of  the  beam  produced  ionization  column.  This  time  is  shown, 
for  typiral  parameters,  to  be  somewhat  less  than  the  time  for  loss  of  the  electrons  due  to  attachment.  Next,  a  computation 
is  made  of  the  breakdown  electric  field  for  conditions  within  the  middle  atmosphere.  Using  a  model  for  the  distribution  of 
electric  potentiz1  along  the  ionization  column  and  typical  values  of  middle  atmosphere  electric  fields,  it  is  shown  that  it  is 
likely  that  some  portion  of  tne  ionization  column  will  establi»h  electric  fields  which  exceed  ‘he  threshold  for  breakdown.  This 
then  leads  to  discussion  of  subsequent  effects  which  are  important  to  the  magnitude  and  duration  of  the  discharge  current. 

3.1.  Re*istance  and  Charging  of  the  Ionization  Column. 

We  consider  a  simple  model  where  the  ambient  electric  field,  E,  is  parallel  to  the  vertical  ionization  column. 

WTjen  the  ionization  column  is  created,  current  will  pass  along  it  with  a  magnitude  set  by  the  resistivity  of  the  column  and 
tbe  magnitude  of  the  external  electric  field.  Owing  to  its  high  conductivity,  however,  th~  interior  electric  field  will  quickly 
change,  introducing  a  net  potential  difference  between  the  column  and  the  exterior  atmosphere.  If  the  column  were  perfectly 
conducting,  it  would  achieve  the  same,  uniform  potential  as  the  ionoephere.  Figure  $  illustrate*  th-'s  situation  in  terms  of 
equipotentia!  contours  in  the  vicirity  of  the  column.  Owing  to  the  high  electrical  conductivity  of  the  column,  the  local 
contours  of  electrostatic  potential  axe  altered,  producing  large  potential  gradients  in  the  vic»ni*y  of  the  column. 
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To  begin  the  computation  of  the  reactivity  of  the  ionization  column,  the  relationship  between  the  local  vertical  current 
density,  j,  and  the  vertical  component  of  the  local  electric  field,  Et  is  given  by 


j  »cE 


(10) 


where  o  is  the  ordinary  Pedersen  conductivity  of  the  ionospheric  medium.  If  we  then  assume  that  a  current  I  passes  through 
an  area  A  of  the  column,  we  have 

/  -  {aA)E  (II) 

Next,  we  adopt  the  standard  expression  for  the  conductivity: 


(12) 


where  n«  is  the  ambient  electron  density,  i/c»  is  the  electron- neutral  collision  frequency,  m,  is  the  electron  mass,  and  e  is  the 
magnitude  of  the  electron  charge. 

Further  progress  tea  be  made  by  noting  that  the  electron-neutral  collision  frequency  and  the  initial  electron  density  created 
by  the  beam  electrons  are  both  proportional  to  the  neutral  gas  density.  Thus,  if  we  normalize  our  results  to  the  values  of 
initial  electron  dainty  nj  and  collision  frequency  i/®|  at  some  reference  altitude,  we  can  write  the  relation  between  column 
current  and  electric  field  as 


-im* 


(13) 


To  obtain  the  resistivity  of  a  column  of  length  L ,  we  note  that  if  there  is  a  voltage  V  present  over  a  distance  L}  Eqn.  (13) 
becomes 


v  -  r 

so  that  the  column  resistance  per  unit  length,  r,  can  be  written  as 
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(15) 


Values  for  the  collision  frequency  can  be  obtai:  _d  from  the  CIRA  reference  atmosphere  [11].  Normalizing  to  50  km  altitude, 
using  these  values  and  the  electron  density  from  Figure  5  gives  a  resistance  per  unit  length  of 


r  *  35  flm“ 


(16) 


or,  for  a  total  length  of,  say,  40  km,  a  total  column  resistance  of  1.4  M H. 

From  this,  we  find  that  the  resistance  of  the  ionization  column  is  substantial  and  that  a  potential  drop  of  about  20  kV  will 
result  in  a  current  of  tens  of  milliampen  •.  In  this  situation,  the  time  constant  for  charging  of  the  column  does  not  follow 
from  the  usual  transmission  line  equations  of  electrical  charging:  They  apply  only  to  cases  where  the  resistance  per  unit 
length  is  a  small  part  of  the  line  impedance  provided  by  the  capacitance  and  inductance  per  unit  length.  In  this  instance 
another  approach  is  needed,  and  this  is  discussed  in  Appendix  B  in  terms  of  a  diffusion-controlled  electric  field.  The  result 
applicable  to  the  present  circumstance?  is  that  the  time  constant  for  the  beam  column  charging,  re,  can  be  approximated  by 
the  expression 


07) 


where  vtK  is  the  electron-neut.-al  collision  frequency  and  ujp  is  the  plasma  frequency.  For  the  situation  outlined  here,  the  time 
constant  for  charging  of  the  column  is  on  the  order  of  10’s  of  ^seconds.  Thus,  as  seen  from  an  attachment  rime  scale  ot  10’s 
of  milliseconds,  the  ionization  column  rises  to  the  ionospheric  potential  very  quickly,  leading  to  the  electrical  model  shown  in 
Figure  8. 


As  a  consequence  of  these  calculations,  we  see  that  not  only  does  the  electron  beam  pulse  create  a  channel  of  highly 
conductive  olasma.  albeit  for  a  relatively  short  time  of  l(Ts  of  milliseconds  at  low  altitudes,  but  also  that  the  ambient  electric 
fields  of  the  middle  atmosphere  will  drive  current  within  this  structure,  bringing  it  quickly  (on  time  scales  of  10’s  of  /^seconds) 
to  the  potential  of  the  overlying  ionosphere. 


3.2.  Electric  Discharge  of  the  Beam  Column 

As  the  potential  of  the  beam  column  nses  with  respect  to  the  background,  an  electric  field  is  generated  within  the 
surrounding  medium.  This  situation  was  illustrated  in  Figure  8,  where  we  showed  the  equipotential  contours  of  the  middle 
atmosphere  as  they  have  responded  to  the  increasing  potential  of  the  beam-induced  plasma  column.  The  concentration  of 
potential  contours  near  the  lower  tip  of  the  column  indicates  the  increasing  electric  field  there,  and  opens  the  question  of  the 
possibility  of  creating  the  conditions  necessary  for  an  electrical  discharge. 
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Tb  resolve  this  possibility,  two  separate  issura  must  be  investigated:  (1)  the  magnitude  of  the  breakdown  electric  field  in 
the  middle  atmosphere,  an**  (2)  the  magnitude  of  the  electric  field  in  the  vicinity  of  the  beam  structure.  Each  of  theae  in 
presented  in  the  following  sections. 

i.  The  Breakdown  Electric  Field.  ElectricaJ  breakdown  occurs  in  a  partially  ionized  gu  when  the  local  electric  field  is 
sufficiently  large  to  accelerate  ambient  electrons  to  ionizing  energi-s,  typically  of  the  order  of  15  eV.  The  tendency  of  electric 
fidd  accelerated  electroni  to  rise  is  energy  towards  breakdown  energies  is  opposed  by  electron  collision*  with  the  ambient 
neutral  gas:  In  each  energetic  electron-neutral  collision  the  energy  imparted  to  the  electron  by  the  electric  field  is  largely 
lost.  The  problem  in  its  simplest  form,  then,  Is  to  compute  the  energy  of  an  individual  elrctron  under  combined  effects  of  the 
accelerating  electric  field  and  the  momentum  lost  in  electrcn-ceutral  collisions.  In  fact,  more  accurate  theories  of  breakdown 
wonld  include  the  distribution  of  velocities  of  the  electrons,  and  the  fact  that  it  is  the  high  energy  portions  of  the  electron 
velocity  distribution  function  that  lead  to  the  initial  avalanche  ionizations  that  result  in  electrical  breakdown.  However,  for 
this  discussion,  the  sirapie  a.  <1*1  of  breakdown  is  probabiy  sufficiently  accurate  to  indicate  the  magnitudes  of  fields  needed. 

We  wish  to  compute  the  energy  acquired  by  an  electron  between  collisions  with  neutral  gaj  particles.  If  there  is  an  ambient 
electric  field  of  magnitude  E,  the  velocity,  v,  after  a  time,  f,  has  elapsed  since  the  tat  collision  is 


V  = 


0«) 


where  e  is  the  msgnitude  of  electron  charge  and  m,  is  the  electron  mass.  The  electron  energy,  «,  then  follows  as 


(19) 


If  is  the  collision  frequency  for  electron -neutral  gas  collisions,  the  time,  T ,  between  collisions  is  T  **  1  fun  and  the 
relation  between  electron  energy  and  collision  frequency  becomes 
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If  we  cdopt  a  value  of  10  eV  a a  the  mean  energy  of  the  electron  gas  to  acquire  between  collisions  U-  initiate  the  ionizatiotu 
necessary  for  breakdown,  we  arrive  at  the  desired  relation  between  breakdown  electric  field,  £*,  and  the  collision  frequency 
between  electrons  and  neutrals: 


£,aL>JLi£^ 


(volt  m”1) 
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Figure  8.  Electrostatic  effect  of  introducing  a  conducting  plasma  column  into  the  ambient  middle  atmosphere.  It 
is  assumed  here  that  tbe  ambient  electric  field  is  uniform  and  vertical.  Note  the  large  electric  fields  which  surround 
the  region  near  the  surface  of  the  ionization  column. 
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Fifur*  9.  Showing  thf  dc  btciVdovn  electric  field  (trength  u  i  function  of  nltltude  in  the  middle  atmosphere. 


Figure  9  plot*  values  of  £*  as  a  function  of  altitude  in  the  middle  atmosphere.  The  results  indicate  that  relatively  small 
fields  of  100-1000  V/m  will  initiate  electrical  discharge  in  the  regions  between  50  km  and  70  km  altitude,  the  zone  of  principal 
interest  in  this  study. 

t.  Electric  Fields  Near  the  Plasm®  Column.  Figure  3  shows  the  general  situation  of  electric  equipotentiai  contours  near 
the  beam  column.  Up  to  this  point  we  have  assumed  that  the  beam  has  a  geometry  set  by  the  initial  pulse  of  high  energy 
electrons;  i.e.,  that  a  long,  thin  structure  is  created  with  the  diameter  set  by  atmospheric  scattering.  Furthermore,  we  have  been 
able  to  show  that  this  plasma  stricture  will  rapidly  charge  itself  toward*  the  potential  of  the  overlying  ionosphere,  yielding 
progressively  larger  radial  potential  differences  between  the  plasma  column  and  the  ambient  ionosphere  as  one  progresses 
downwards.  Now,  however,  a  difficult  problem  arises;  namely,  how  to  estimate  the  local  electric  field.  If  the  potential  changes 
rapidly  with  distance,  then  a  large  electric  field  will  be  present  and  the  conditions  required  for  electrical  breakdown  may  be 
present.  H,  on  the  other  hand,  the  potential  is  distributed  over  a  large  radial  distance,  only  weak  fields  will  occur  and  no 
cataclysmic  breakdown  effects  can  be  expected. 

The  core  structure  of  the  ionization  column  is  determined  by  atmospheric  scattering.  In  the  absence  of  accurate  numerical 
results  in  the  literature,  we  have  estimated  that  the  beam  will  ac.  eve  a  diameter  that  is  much  larger  than  the  source  area, 
At,  but  substantially  less  than  one  gyrodiameter  (600  for  a  J}  MeV  electron).  In  fact,  the  column  will  not  be  uniform 

in  radial  dimension.  Consequently,  the  potential  of  the  ec  rf  the  beam  will  be  higher  than  eveu  the  outside  edges,  indicating 
that  the  correct  calculation  for  the  distribution  of  electric  potential  must  include  not  only  the  time-dependent  effects,  but 
also  the  dimensionality  of  the  electron  distribution  in  the  radial  direction.  This  difficult  task  lies  beyond  the  scope  of  the 
present  work.  Instead,  we  can  indicate  the  possible  values  based  on  typical  potentials  and  characteristic  radii  of  the  ionization 
column. 

For  example,  if  the  core  erf  the  column  has  a  diameter  of  20  m,  and  if  there  is  a  20  kV  potential  drop,  then  it  might  be 
possible  to  have  a  radial  electric  field  of  1  kV/m  within  this  extended  zone.  According  to  Figure  9,  this  would  be  sufficient 
to  create  breakdown  above  50  km.  On  the  other  hand,  if  the  diameter  is  200  meters  and  the  potential  drop  only  10  kV,  then 
the  radial  electric  field  will  be  on  the  order  of  50  V/m,  which  is  probably  too  low  to  meet  the  requirements  for  breakdown 
except  above  74  km  altitude. 

At  this  time,  lacking  knowledge  about  the  actual  distribution  of  electric  fields  in  the  middle  atmosphere  and  about  the 
redistribution  of  fields  which  will  accompany  the  establishment  of  a  conducting  column  of  ionization  in  the  same  region,  we 
cannot  state  categorically  that  electrical  discha  ge  is  an  inevitable  consequence  of  the  relativistic  electron  beam  experiment. 
Part  of  this  uncertainty  can  be  removed  by  more  thorough  calculations  of  the  electrodynamics  of  the  column.  But,  in  the 
face  of  poor  information  about  the  spatial  and  temporal  variability  of  middle  atmosphere  electric  fields,  it  will  probably  not 
be  possible  to  have  full  confidence  in  the  breakdown  hypothesis:  A  suitable  in  sit*  experiment  will  be  needed  to  test  all  of 
the  complex  factors. 

3.3.  Consequences  of  a  Discharge. 

It  is  interesting  to  speculate  what  might  happen  if,  indeed,  it  is  possible  to  initiate  an  electrical  breakdown  at  some  point 
in  the  column.  In  this  situation,  we  first  expect  that  additional  electrons  soil  be  liberated  to  carry  current.  This  might  occur 
through  the  formation  of  filaments  or  leaders  which  would  extend  away  from  the  column  into  the  surrounding  gases.  The 
subsequent  rush  of  free  electrons  would  produce  aa  electromagnetic  pulse  whose  principal  frequencies  would  be  determined 
by  both  the  duration  of  the  breakdown  and  any  characteristic  oscillations  that  might  accompany  the  formation  and  decay  of 
leaders  in  the  gas. 

The  general  effect  of  the  discharge  would  be  to  transport  electric  charge  along  the  column.  With  sufficient  fields,  such  a 
discharge  could  conceivably  extend  the  full  length  of  the  beam.  Heating  of  the  atmosphere  would  be  a  slight  consequence, 
and  optical  emissions  would  provide  a  way  of  seeing  the  development  of  the  discharge  process. 
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The  decay  of  the  discharge  would  be  determined  by  the  change  in  toc«J  potent!*]  and  electric  :le!ds.  At  the  region  of 
eclunced  density  grows  in  size,  the  potential  drop  will  become  spread  out,  lowering  the  electric  field  strength  until  it  fill* 
below  that  required  for  breakdown.  However,  since  tbii  threshold  depend*  on  altitude,  a  complicated  pattern  of  discharge 
might  result,  with  prolonged  discharge  occuriog  at  higher  altitude*  along  the  beam  column.  Countering  this  would  be  the 
diminution  of  the  local  field*  with  altitude  **  one  approaches  the  conducting  regions  of  the  D-layer. 

4.  A  PROPOSED  EXPERIMENT 

As  staled  in  the  Introduction,  current  technology  is  available  for  a  rocket-borne  relativistic  electron  beam  experiment.  The 
goal  of  such  an  experiment  should  be  to  assess  a  variety  of  phenomena  associated  with  firing  *  high  energy  beam  into  the 
atmosphere.  These  include:  (1)  the  formation  of  a  highly  ionired  column  of  ionization  extending  r  own  wards  to  the  upper 
Stratosphere,  (2)  the  formation  of  a  largo  lateral  cap  of  ionization  at  the  end  of  the  beam  travel,  as  'mplizd  by  Figure  4,  (3) 
tbs  time  dependent* decay  of  the  free  electrons  in  the  column,  (4)  the  possibility  of  creating  a  laige  scale  electrical  discharge  in 
the  middle  atmosphere,  and  (5)  understanding  the  physic*  of  the  interaction  of  the  energetic  particles  with  the  atmosphere, 
as  seen  in  the  geometry  of  the  beam  and  the  character  of  energetic  particles  reflected  back  into  space. 

The  most  suitable  experiments  would  be  done  with  the  nighttime  launch  of  a  recoverable  rocket  payload  at  White  Sands 
Missile  Range.  The  rocket  trajectory  could  be  ehcaen  to  minimise  the  cross-magnetic  field  velocity,  permitting  the  accelerator 
to  fire  many  pulses  into  the  aame  general  region  of  the  atmosphere.  The  payload  would  consist  of  the  accelerator  and  various 
oo-board  detectors,  including  those  related  to  me.-aurirg  the  performance  of  the  pulsed  beam,  the  electrical  charging  of  the 
rocket,  and  high  energy  particle  detectors  capable  of  measuring  the  fast  hacksratter  of  electrons  from  the  atmo-phere.  Other 
remote  diagnostic  devices  could  r  1*0  be  flown  on  the  rocket  to  permit  characterization  of  the  ionization  column,  a*  seen 
from  immediately  above.  These  could  be  optical  and  UV  detectors  capable  of  seeing  by  product  radiation  arising  from  beam 
interactions  with  the  atmosphere  ami  broadband  radio  receivers. 

Coordinated  ground  observations  would  be  ^.scctial.  Optical  imagers  would  be  needed  to  provide  information  about  the 
geometry  of  the  beam,  while  radars  of  various  frequencies  could  probe  the  extent  to  which  the  column  ionization  interacts 
with  the  indoent  radiation.  Broad-band  ;*dio  receivers  would  also  help  to  asses*  the  emission  of  any  initial  electromagnetic 
radiatior.  (expected  to  be  weak)  and  the  possible  stronger  c  missions  following  from  an  electrical  discharge. 

A  schematic  view  c?  the  exp'rin-ental  situation  is  given  iu  Figure  10. 
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Figure  10.  Illustrating  the  geometry  of  a  relativistic  electron  beam  rocket  experiment.  Ground  sites  provide 
optical,  radar,  and  radio  measurements  of  the  beam  characteristics,  while  diagnostics  of  the  rocket  measure  ve- 
Lide  charging,  backscattered  electron  and  ion  fluxes,  and  image  photon  emission  from  the  underlying  ionization 
structure. 


5.  CONCLUSION 

There  are  many  interesting  features  of  relativistic  electron  beam  experiment?  in  space.  Here,  we  have  fcx-used  on  problems 
relating  to  the  interaction  of  the  beam  with  the  atmosphere  to  produce  ionization  enhancements.  It  is  seen  that  the  high 
energy  of  the  beam  electrons  means  that  interaction  with  the  middle  atmosphere  is  possible,  and  that  there  are  a  number  of 
subsidiary  phenomena  which  tnay  come  into  play.  In  the  face  of  subst&ntid  theoretical  uncertainties,  firm  understanding  of 
the  physical  consequences  will  require  an  experimental  program  involving,  at  the  least,  several  rocket  flights  with  supporting 
ground  and  space  observations.  This  should  be  done  in  connection  with  an  extensive  theoretical  andysis  of  the  important 
features  of  beam  production,  scattering,  and  electrodynamic  consequences. 
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•.  APPENDIX  A:  IONIZATION  PRODUCED  BY  THE  BEAM 

The  process  of  calculating  the  ionization  produced  by  &  relativistic  electron  beam  in  the  atmosphere  can  be  divided  into 
two  parts.  First,  the  energy  loss  of  the  electron  beam  per  unit  distance  (dEfds)  as  it  penetrates  through  the  atmosphere 
is  calculated.  It  is  assumed  that  most  of  this  energy  loss  is  caused  by  impact  ionization  of  the  neutral  background  of  the 
plasma.  An  immediate  result  of  this  calculation  is  the  penetration  depth  of  the  beam  and  also  the  ionization  per  unit  length 
as  a  function  of  distance.  The  second  part  of  the  process  is  the  estimation  of  the  lateral  extent  (i.e.,  the  extent  perpendicular 
to  the  local  geomagnetic  field)  of  the  primary  beam,  which  enables  us  to  derive  the  resulting  incident  primary  electron  flux, 
♦{»).  Both  sets  of  calculations  are  necemry  to  estimate  the  ionization  densities  that  are  to  result  for  the  relativistic  electrcn 
beam. 

Given  the  above,  it  is  straightforward  to  estimate  the  ionization  rate,  $,  at  any  given  altitude  from 
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where  At  b  the  required  average  ionization  energy,  which  is  assumed  here  to  have  a  value  of  35  eV  [4].  Assuming  a  short 
duration  pulse,  the  value  of  q  in  (A.l)  can  be  multiplied  by  the  *on"  time  of  the  beam  pulse  to  estimate  the  additional 
ionization  or  ionization  enhancement  that  is  created  by  the  relativistic  electron  beam. 

In  the  following,  the  two  parts  to  the  ionization  calculation  will  be  discussed  separately,  but  it  should  be  kept  in  mind  that 
both  are  necessary  to  provide  the  final  predictions  of  electron  densities  as  a  function  of  penetration.  The  results  presented  are 
intended  for  use  with  relativistic  beam  energy  levels  up  to  approximately  5  MeV,  although  it  may  be  satisfactory  for  some 
applications  for  the  energy  to  extend  up  to  the  10  MeV  level. 

A.l.  Energy  Loss  and  Ionization  Rate  Per  Unit  Length,  dE/ds 

The  penetration  of  energetic  electron  beams  through  the  atmosphere  and  the  ionization  produced  by  such  beams  can 
be  straightforwardly  calculated  for  non-relativistic  electrons  with  energies  greater  than  1  keV.  For  example,  Rees  [7]  used 
experimentally  verified  energy  distribution  functions  to  calculate  the  penetration  and  ionization  deposition  versus  altitude. 
These  results  are  useful  for  first  order  calculations  in  the  lower  energy  ranges  (1-300  keV).  For  beam  energies  above  about  0.5 
MeV,  where  the  electron  kinetic  energy  is  approximately  equal  to  the  electron  rest  mass,  it  is  necessary  to  include  relativistic 
effects  in  these  calculations. 

Both  ionization  and  penetration  calculations  start  by  estimating  the  electron  beam  energy  loss  per  unit  path  length  and 
assuming  that  all  of  the  energy  loss  goes  into  ionization  at  that  altitude.  A  form  of  the  Bethe  equation  that  account*  for 
relativistic  effects  can  therefore  be  used  (1),  where 


-  i/33j  MeV/m  (.4.2) 

and  where  E  is  the  incident  electron  beam  kinetic  energy  (MeV),  i*o  is  the  classical  electron  radius,  NZ  is  the  number  of 
atomic  electrons  per  m3  (Z  is  the  atomic  number  and  N  is  the  number  of  atoms  per  m3),  moc3  is  the  rest  energy  of  the 
electron  (0.51  MeV),  &  =  (vfc)2  =  1  -  [(E/moe2)  +  1J“J,  and  /  «  (II  ±  3 )Z  eV. 

The  original  Bethe  equation  is  basically  a  summary  of  detailed  quantum  mechanical  calculations  of  soft  collision  energy 
loss  between  an  energetic  particle  and  bound  electrons  (by  soft  or,  conversely,  hard,  we  are  referring  to  whether  the  struck 
electrons  are  initially  considered  bound  or  free).  This  was  later  extended  to  include  relativistic  effects.  Although  the  Bethe 
equation  is  calculated  assuming  soft  collisions  only,  it  has  t>cen  found  to  be  an  adequate  first  order  estimate  of  total  energy 
loss  from  both  hard  and  soft  collisions  when  it  is  extended  to  cover  all  energy  losses  up  to  the  maximum  possible  loss  per 
collision  of  E/2.  This  has  been  done  in  (A.2). 

The  use  of  (A.2)  to  estimate  dEfds  ignores  contributions  to  energy  loss  from  bremsstrahlung  radiation  and  straggling 
effects.  However,  for  electron  beam  energies  up  through  10  MeV,  radiative  losses  remain  at  least  an  order  of  magnitude 
lower  (l).  Also  ignored  in  (A.2),  is  the  effect  of  electron  back-scattering,  which  would  decrease  the  incident  flux  at  any  given 
altitude  but  which  would  represent  an  additional  ionizing  electron  flux  contribution  in  the  reverse  direction.  The  effect  from 
back-scattering  is  not  expected  to  be  significant  except  near  the  end  of  the  electron  beam  path.  Figure  2  shows  the  variation  of 
dEfds  as  a  function  of  altitude  for  a  5  MeV  beam,  while  Figure  1  shows  the  actual  energy  of  the  5  MeV  beam  as  it  penetrates 
the  atmosphere. 

A.2.  Primary  Beam  Electron  Flux,  ${s) 

While  the  loss  of  electron  beam  energy,  as  the  beam  penetrates  the  atmosphere,  plays  the  principal  role  in  determining 
penetration  depth  and  ionization  per  unit  length,  it  is  the  radial  expansion  of  the  primary  beam  that  sets  the  enhancement 
densities  that  are  ultimately  achieved  within  the  ionization  column.  Factors  that  can  play  a  role  in  determining  radial 
expansion  include  initial  beam  source  divergence,  confining  magnetic  field  forces,  and  electron  scattering  from  interactions 
with  the  neutral  atmosphere.  How  these  effects  interact  becomes  a  very  significant  physical  and  computational  problem, 
especially  for  the  case  of  narrow  energetic  beam  source.  Walt  tl  ai  [3]  used  a  formulation  of  the  Fokker-Planck  diffusion 
equation  to,  in  part,  predict  radial  expansion  of  auroral  flux.  Their  method  was  not  considered  to  be  easily  applied  to 
distributions  that  were  strongly  peaked  in  either  energy  or  angle;  precisely  the  situation  under  consideration  here.  Another 
complimentary  approach  integrates  the  diffusion  equations  using  Monte  Carlo  techniques,  as  in  [8j  and  [3].  It  is  implicitly 
assumed  that  the  primary  beam  and  secondary  flux  electrons  all  behave  independently,  following  single  particle  motions,  and 
interact  only  with  neutral  atmosphere  particles  and  the  earth’s  magnetic  fieM, 

The  work  of  Walt  et  a I.  (3]  indicates  that  typical  perpendicular- to- B  diffusion  of  an  auroral  (non-relativistk.)  flux  with 
broad  erergy  and  angular  spread  is  on  the  order  of  an  electron  gyroradius;  a  result  that  is  indicative  of  the  confining  effect  of 
the  geomagnetic  field.  That  the  magnetic  field  should  still  be  necessary  to  confine  the  radial  expansion  of  a  narrow  relativistic 
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moooeoergetic  electron  beam  launched  nearly  parallel  to  the  field  in  a  tenuous  atmosphere  is  not  necessarily  obvious .  After 
all,  as  beam  energy  increases  the  scattering  cross-sections  decrease  (10]  and  highly  focused  relativistic  beam  generators  are 
available.  As  anil  be  shown,  even  in  tenuous  atmospheric  conditions  present  for  upper  stratospheric  and  higher  altitudes 
(neutral  atmosphere  molecular  densities  are  at  least  three  to  seven  orders  lower  than  STP  density  levels),  the  relativistic 
electron-neutral  elastic  scattering  collisions  still  can  cause  substantial  radial  beam  diffusion  without  the  proence  of  the 
geomagnetic  field. 

Tb  demonstrate  this  fact,  standard  equations  collected  and  published  by  the  International  Commission  on  Radiation  Units 
and  Measurements  (ICRU)  can  be  utilized  to  predict  radial  beam  ex  pari  ion  [2]  in  a  reference  atmesphere  (11]  due  to  small 
•ogle  scattering.  Small  angle  scattering  assume*  that  any  large  angle  scattering  events  are  relatively  infrequent  and  can 
therefore  be  ignored.  Fundamental  to  small  angle  scattering  calculations  is  the  fact  that  the  mean  square  angular  scatter  for 
•aefa  electron -neutral  collision  is  statistically  independent  and  therefore  additive  (12].  This  fact  can  be  used  to  «timaU.  the 
mean  square  radius  of  a  narrow  Gaussian  electron  beam  as  a  function  of  penetration  depth,  a,  given  by 


r*(a)  w  r?  +  2r0,s  +  +  J  (s  -  u)*7*(u)dti 


(A.3) 


where  r*  is  the  initial  mean  square  radial  spreaJ  of  the  beam,  r0%  is  the  initial  covariance  of  the  simultaneous  radial  and 
angular  distribution,  is  the  initial  mean  square  angular  spread  of  the  beam,  and  T(u)  is  the  change  in  mean  square  angle 
of  scattering  per  unit  length,  u,  given  by 
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and  where  A ,  is  the  nucleon  number,  a  is  the  fine  structure  constant  (1/137),  0^  is  the  cut-off  angle  due  to  the  finite  size 
of  the  nucleus,  given  by  the  ratio  of  »he  reduced  de  Broglie  wavelength  cf  the  electron  to  the  nuclear  radius,  and  is  the 
screening  angle  due  to  the  screening  of  the  nucleus  by  the  orbital  electrons  and  is  given  by  the  ratio  of  the  reduced  de  Broglie 
wavelength  to  the  atomic  radius. 

As  indicated  in  (A. 4),  7*(u)  is  the  sum  of  th?  mean  square  angle  scattering  contributions  from  each  neutral  atmospheric 
constituent.  Mean  square  angle  scattering  for  each  constituent  is  proportional  to  its  respective  density  and  the  square  of  the 
nucleus  charge  number.  For  a  narrow,  well  focused  beam,  the  integral  in  (A  3)  completely  dominates  radial  expansion  and 
need  be  the  only  term  considered.  The  integral  weights  scattering  that  occurs  early  along  the  path  of  the  beam  more  heavily 
than  scattering  occurring  near  the  end  of  the  integration  path. 

Figure  A.l  shews  the  predicted  rms  beam  radius,  assuming  ar.  initially  narrow  (I  cm  radius)  5  MeV  beam  focused  at 
infinity  with  no  magnetic  field,  as  it  traverses  vertically  down  from  an  altitude  of  119  km.  As  seen,  the  beam  spread  due  to 
elastic  scattering  would  be  substantial;  well  beyond  the  gyroradiua  for  5  MeV  electrons  (602  m).  The  somewha*  surpri.ing 
result  here  is  that  significant  beam  spread  is  predicted  to  occur  even  due  to  the  scattering  levels  present  in  the  highest  altitude 
portion  of  the  beam  path  where  collisions  are  the  most  infrequent.  For  example,  in  transiting  from  119  to  118  km,  T’(u)  has 
the  average  value 

r(u)  -  7o  =  1  26  X  l<r’ rtdVro  (A. 7) 


In  tracritirg  one  kilometer  the  rms  anguiar  spread  of  an  initially  columnar  beam  would  thus  increase  to  approx- m ate! y  l 
milliradian.  Without  any  additional  scattering  collisions,  this  angular  spread  would  cause  the  average  beam  radius  to  increase 
to  approximately  80  m  after  penetrating  down  to  a  depth  near  40  km;  substantially  less  than  a  gyroradius.  If  instead,  T(u) 
was  maintained  at  the  value  in  (A. 7),  the  integral  in  (A. 3)  could  be  straightforwardly  solved  resulting  in  an  approximate  mean 
•quarv  radius  of 

<3(«)  =  i,*7i  (.4.8) 

which  when  evaluated  at  maximum  range  gives  an  rms  radius  of  460  m.  However,  since  the  beam  must  penetrate  at  least  ten 
Kale  heights  down  to  40  km  (for  a  5  MeV  beam),  T(u)  will  increase  correspondingly  and  so  would  the  rms  radius  as  shown 
in  Figure  A.l,  without  the  presence  of  the  magnetic  field.  Placement  of  the  beam  source  at  higher  or  iower  altitudes  would 
modify  the  integrated  mean  square  scattering  and  therefore  the  resulting  radial  spread  shown  in  Figure  A.l. 

Even  with  the  reduced  scattering  cross-section  of  a  relativistic  electron  beam,  each  primary  electron  experiences  many 
elastic  small  angle  scattering  events  as  it  penetrates  through  the  atmosphere  (i0).  This  will  cause  substantial  spread  in  the 
angular  distribution  function  describing  the  primary  beam  flux,  even  for  the  case  of  a  focused  narrow  beam,  directed  down 
the  magnetic  field.  Therefore,  without  the  presence  of  the  magnetic  field,  it  would  not  be  possible  to  keep  a  narrow,  focused 
relativistic  electron  beam  from  having  significant  radial  diffusion  as  it  penetrated  the  atmosphere. 
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Figure  A.l.  Predicted  rms  beam  radius  versus  altitude  for  a  5  MeV  elect-on  beam  with  and  initial  1  cm  radius. 
It  is  assumed  that  no  magnetic  field  is  present. 


The  problem  of  specifically  including  the  confining  effect  of  the  magnetic  field’s  Lorentz  force  with  the  statistical  behavior 
of  the  electrons,  due  to  elastic  and  inelastic  collisions,  is  much  more  complicated,  most  likely  requiring  the  methods  of  (3],  [5j, 
or  [9].  However,  it  is  probably  safe  to  assume  that  the  electron  b^am  will  not  spread  much  more  than  agyroradius,  following 
the  results  of  {3],  at  least  until  the  beam  penetrates  sufficiently  deeply  into  the  atmosphere  to  an  altitude  where  large  angle 
scattering  collisions  become  significant. 

There  are  several  assumptions  that  have  been  made  :  u  generating  the  above.  For  example,  straggfing  and  reflection  effects 
have  not  been  included  (although  most  reflections  t  ad  to  come  from  deep  along  the  electron  path  [3,  10)).  In  the  above 
analysis  it  has  been  implicitly  assumed  that  the  primary  electrons,  having  identical  initial  conditions,  all  penetrate  to  the 
same  final  altitude.  In  actuality,  different  primary  electrons  in  the  beam  will  penetrate  to  different  altitudes  and  possibly  be 
reflected  based  on  their  unique  collision  history.  This  would  have  the  effect  of  spreading  out  the  very  pronounced  peaks  that 
occur  at  the  end  of  the  beam  penetration  in  Figure  5  over  several  kilometers  or  to  reduce  the  incident  flux  somewhat. 

We  have  also  assumed  that  all  secondary  electrons  produced,  which  on  the  average  have  sufficient  energy  to  produce 
approximately  two  additional  ion-electrou  pairs,  will  stay  within  the  same  location  where  they  were  initially  generated. 
However  they  can  easily  move  along  the  geomagnetic  field  lines  within  a  mean  free  path  before  generating  additional  ionization. 
This  w?'«  also  have  the  tendency  to  reduce  and  broaden  the  pronounced  peak  observed  at  beam  termination  in  Figure  5. 

Finally,  under  certain  conditions  it  is  predicted  that  the  mean  square  scattering  angle  will  reach  an  equilibrium  value,  so 
that  much  beyond  0.3  to  0.5  of  the  mass  weighted  range  the  electrons  will  reach  a  state  of  full  diffusion  and  a  rms  value  of 
approximately  45  (2).  The  explanation  for  this  is  that  electrons  scattered  over  larger  angles  are  rapidly  Inst  from  the  beam  so 
that  the  largest  depths  are  only  reached  by  electrons  with  nearly  straight  paths.  However,  for  the  case  under  consideration 
here,  the  stated  mass  weighted  range  is  only  reached  at  approximately  the  last  atmospheric  scale  height.  Further,  the  effect  of 
a  confining  magnetic  field  was  apparently  not  considered,  which  should  prevent  large-angle  scattered  electrons  from  moving 
more  than  a  gyroradius  away  and  leaving  the  beam. 

To  summarize,  the  neutral  atmospheric  densities  in  the  mesospheric  and  stratospheric  altitudes  under  consideration  here 
are  sufficient  to  cause  enough  angular  spread,  on  an  initially  narrow  electron  beam,  such  that  without  the  presence  of  the 
magnetic  field  there  would  be  substantial  radial  diffusion  of  the  beam  flux.  The  elastic  collisions!  effect  can  be  thought  of  as 
random  walk  of  the  primary  electron  guiding  center.  Therefore,  for  a  first  order  estimate  of  the  column  ionization  density, 
we  would  propose  to  use  the  initial  beam  energy  gyroradius  to  set  the  primary  electron  flux  and  further  assume  that  the  flux 
is  uniformly  distributed  within  this  gyroradius.  This  is  the  gyroradius  curve  (curve  B)  of  Figure  5  where  a  much  narrower 
column  radius  (0.5  m)  is  also  included  (curve  C).  In  practice  «e  would  expect  to  see  the  actual  ionization  enhancement  start 
with  values  near  the  0.5  m  curve  and  then  move  towards  the  gy-yracius  curve  as  the  beam  penetrated  into  the  atmosphere.  At 
the  end  of  beam  penetration,  it  may  also  be  that  the  primary  electron  beam  will  diffuse  lightly  beyond  a  gyroradius,  causing 
the  resulting  ionization  density  to  dip  below  the  gyroradius  curve.  Finally,  we  would  expect  that  a  variety  of  effects,  such  as 
electron  straggling,  will  tend  to  broaden  and  reduce  the  peak  levels  of  ionization  predicted  at  the  end  of  beam  penetration  in 
Figure  5.  . 

7.  APPENDIX  B:  RELAXATION  OF  AN  IONIZED  COLUMN  TO  UNIFORM  POTENTIAL 

Consider  the  ionized  column  shown  in  Figure  B.l  with  the  initial  ambient  potential  profile  in  Figure  B.2. 

The  electromagnetic  equations  governing  electron  motion  in  the  column  are 


V  •  E  =  —  nefto 
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Figure  B.l.  lor.ized  column  in  the  lower  ionosphere  and  upper  Atmosphere  produced  by  a  relativistic  electron 
beam  fired  downwards  from  within  the  ionosphere. 
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where  is  the  permittivity  of  free  space,  -e  is  the  electron  charge,  m  is  the  electron  mass,  and  n  and  v  are  the  electron 
density  and  velocity,  respectively,  and 

av  eE  kTVn 

777  = - vv  =  0  (fl.  3) 

at  m  nm 

la  this  last  equation  *  is  the  electron  collision  frequency  and  k  is  Boltzrnar’s  constant. 

We  will  derive  two  solutions  to  the  above  set  of  equations,  first  using  an  approximate  approach  and  then  a  n xrc  general 
approach. 

B.l.  Solution  for  High  Electron  Collision  Frequency 

When  ¥  is  very  much  greater  than  the  p!a«ma  frequency  the  left  hand  side  of  (P.3)  can  be  ignored.  Rearrangement  of  the 
remaining  equation  gives 

ncE  kTVn 


Substituting  this  into  (B  2)  gives 


I'm  vm 


dn  ne E  kT 

- t— VJn 

at  vm  irm 


which,  when  we  substitute  for  n  from  (B.l),  gives 

4(av.E)cV.^-‘Iv>(27.K) 

at  \  c  J  vm  vm  \  t  ) 


Rearranging  this  latter  equation  gives 


V-  +  ^E-  ^V’eI  =0 
at  v  v 


IB-*) 


(B  .5) 


(fl.6) 


(B.l) 


where  u ^  =  (ne3/*om)  is  the  plasm*  freouency  and  ot  is  the  electron  drift  velocity.  One  possible  solution  of  this  last  equation 

(fl.8) 


^--^E  +  ^7lE  =  0 

at  v  v 


Let  us  now  assume  c.  one- dimensional  solution  in  the  vertical,  or  z,  direction,  so  that  we  have 

Then,  given  an  initial  constant  value  of  E, ,  or  Etu,  in  the  column,  the  solution  to  (B.9)  is 

E,  =  £,o«p[-‘.'J</*'j 


(B9, 


(B- 10) 


Is  other  wordj,  the  E,  field  relates  to  zero  in  a  characteristic  time,  to,  equal  to  i 'jj*.  If  we  taie  r  =-  10s  •to-'  tad  u,  =  104 
see-1,  we  have 


(.  »  -r  =  icr7 sec 


/  I 
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B.2.  Solution  for  the  General  Case 

In  the  general  case  the  governing  equation*  are 


where  n«  it  the  electron  density,  and 
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TUunf  the  divergence  of  (B.13)  giva 

8  {„  \  «r«,V  E  IT„. 

bj  —  (  7  .  v  ]  - - V’n  -  novV  ■  v 

ot\  /  m  m 


n  *  -(«o/e)V  •  E 


Writing  (B.ll)  in  the  form 

and  substituting  for  n  in  (B.  12)  give* 

_  1  dn  15/  *o\_  _  «o  5 

nocn  nodtVe/  snotft 

If  we  now  substitute  (B.15)  and  (B.  16)  into  (B.  14)  and  simplify,  we  obtain 

g+*.^B+^.E 

We  now  write  E  *  £(t)s,  where  x  is  a  unit  vector  in  the  r-direction,  upon  which  (B.17)  become* 

(PE  Jr  _ 

_-+„_+w*g=o 


Figure  B.2.  Initial  and  final  potential  profiles  within  the  ionized  column  shown  in  Figure  B.l. 

which  haa  the  aolutioc 

e  £(()  =  E(0)exp|-(v  +  y !v>  -  )t/2j 

If  v  <  2u^,  the  solution  becomes 

£(<)  =  E( 0) exp{— vf/2] exp l-i ) f/2] 

and  if  v  >  2u> 

£(t)  =  £(0)exp[-wj(/vj 

where  this  latter  equation  corresponds  to  (B.10)  derived  previously  under  less  general  conditions. 
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DISCUSSION 


T.  JONES,  OX 

Is  than  any  physical  raaaon  why  tha  experiment  you  dascrlbad  could  not  ba  dona  fro* 
a  balloon  with  tha  baaa  directed  upwards?  Clsarly  thara  would  ba  soaa  advantage* 
(powar  capability,  ate.)  in  doing  it  this  way  around. 

AUTHOR'S  NX PUT 

Na  welcome  a  balloon  expariaen'  It  would  anabla  us  to  carry  a  large  nuabar  of 
battarlas  for  powar  and  would  _Jla  us  to  study  alaost  all  tha  baaa/ataoepher* 
intaractions  if  tha  balloon  could  ba  flown  high  anough. 

U.  S.  I  NAN,  08 

Tony,  hava  you  computed  any  light  aaission  lavnls  that  would  ba  ganarttad  by  thasa 
typas  of  baaas?  What  typas  of  optical  aignaturas  do  you  expect? 

AUTHOR'S  REPLY 

Wa  bava  only  aada  soaa  lnforael  cooputations  —  astiaatsa  would  ba  a  batter  word  — 
of  tha  light  aalsslons.  It  appears  that  practically  all  of  tha  known  amissions  will 
ba  stimulated.  In  ay  discussion  today  I  largely  ignored  tha  role  played  by  secondary 
electrons  and  ana  of  thalr  roles  la  to  stiaulata  light  emissions. 

D.  PAPADOPOCLOS,  US 

A  key  problaa  with  REB  injection  in  a  low  density  plasma  is  tha  lssua  of  establishing 
equilibrium  with  respect  to  bee*  self  fields,  pinching,  dB/dt  induced  currents,  ate. 
Have  you  looked  at  these  conditions  and  what  they  iaply  with  respect  to  tha  type  of 
currants  and  anerglas  that  can  ba  stably  injected? 

AUTHOR'S  REPLY 

We  hava  looked  at  all  these  conditions,  but  only  bristly.  Wa  found  no  indication 
that  any  of  then  would  affect  tha  stability  of  the  bean  under  the  conditions  I 
discussed  today.  Plaasa  note  that  the  pulses  war*  restricted  to  about  S  ji sac  in 
duration. 
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ABSTRACT 

Results  on  high-frequency  wives  generated  by  the  PICPAB  (Phenomena  Irduecd  by  Charged  Particle  Beams) 
experiment  flown  on  the  Spacelab-l  shuttle  mission  are  presented.  Then  wc  propose  an  mterpretadon  for  the  wise 
feneration  mechanism  associated  with  such  an  experiment. 

This  experiment  comprised  both  electron  and  ion  accelerators  uf  a  few  keV  energy  installed  on  hard  the  space 
shuttle  and  associated  with  nearby  diagnostic  instruments  such  as  plasma  and  wave  analysers.  First,  the  observations 
are  compared  to  previous  results  obtained  in  similar  conditions  and  they  are  discusseJ  in  the  frame  of  various  beara- 
plasms  interactions  models.  The  main  features  are  electron  cyclotron  harmonics  which  appear  modulated  in 
amplitude  with  maxima  occuring  near  the  harmonics  of  the  upper  hybrid  resonance.  An  interaction  between  the 
return  flux  electrons  and  the  ambient  plasma  is  thought  to  have  generated  the  first  cyclotron  harmonics  dose  to 
■ad,  after  non- linear  aaturatioa  and  trapping  processes,  the  entire  spectrum.  By  mean  of  a  noo-Knear  single-wave 
model,  developed  analytically  and  .olved  numerically,  we  finally  recover  mo*!  of  the  experiment!!  tenures. 


INTRODUCTION 

Numerous  active  experiments  aimed  at  studying  charged  particle  beam-plasma  interactions  have  been  conducted 
ia  the  past  20  years  [Szui2czr*ic2, 1985).  They  had  first  been  carried  out  on  rockets,  but  the  shuttle  era  opened  new 
opportunities,  allowing  in  particular  the  investigation  of  wave  production  during  electron  beam  injection  for  a  wide 
range  of  plasma  conditions  [Shnwhon  et  aL,  1984). 

The  major  scientific  objective  of  PICPAB  (Phenomena  Induced  by  Charged  P Article  Beams)  experiment,  which 
was  launched  on  board  the  space  shuttle  on  November  28.  1983  as  a  part  of  'he  SPACELAB-1  payload,  was  the 
study  of  the  interaction  of  an  artificiai  beam  of  energetic  electrons  (8  IcV,  100  mA)  with  the  ionosphere  [lUghm 
et  of,  1984 J. 

According  to  many  previous  experiments,  wc  were  expecting  to  observe  wave  emissions  near  the  plasma 
frequency/,,  or  the  upper  bybrlJ/^,  which  are  very  dose  to  each  other  in  middle  latitude  F-rcgion,  and  possibly 
some  electron  cyclotron  harmonics  nf ^  Nevertheless,  a  careful  examination  of  the  data  led  us  to  the  discovery  rhat 
■oat  of  our  spectra  were  made  of  cydotroo  harmonic  series  of  a  kind  >e  had  never  beard  before  [Uounras  rt  aL, 
1989)  with  the  noticeable  exception  of  Kellcg  et  at.  [1982J,  who  reported  x  partly  alike  observation  ia  a  laboratory 
experiment.  That  puzzling  kind  of  spectrum  con  be  described  as  follows.  Several  successive  cydotroo  harmonica  are 
fathered  together,  appearing  :n  periodic  packets  of  decreasing  amplitude,  with  successive  maxima  occurring  near 
the  plasma  frequency  and  its  harmonics.  Cyclotron  harmonics  and  /,,  harmonics  have  often  been  observed 
independently  of  each  other  in  the  past.  However,  both  features  had  never  been  reported  simultaneously.  A  tentative 
explanation  raised  from  the  fact  that  these  waves  are  electrostatic  in  nature,  and  are  thought  to  propagate  inside  an 
extremely  narrow  region  at  the  edge  of  the  primary  beam  column.  Therefore,  this  kind  of  emission  couid  be 
observed  solely  close  to  the  beam  path.  Furthermore,  *  very  good  frequency  resolution  has  bees  revealed  to  be 
seeded  to  pick  out  the  cyclotron  harmonic  structure  from  the  packets  Dear  /,,  and  nf^  as  weD  as  a  wide  frequency 
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range  of  analysis  to  covet  high  harmonics  of  the  plasma  frequency  (up  to  4  or  5). 

This  paper  is  an  attempt  to  describe  the  generation  mechanism  which  we  think  is  responsible  for  the  observed 

waves. 

In  the  forthcoming  section,  we  give  a  brief  description  of  the  experimental  conditions.  Then,  we  present  the 
main  observations,  along  with  some  considerations  leading  to  a  single  model  of  wave  production.  This  linear  model 
is  developed  and  applied  to  the  observation nal  conditions.  Finally,  a  non-linear  model  is  shown  to  explain  most  of 
the  remaining  results,  namely  the  harmonics  generation  and  power  law. 


EXPERIMENTAL  CONDITIONS 

Spscelab-l  was  launched  on  November  23,  1983  in  its  nominal  37*  inclination  orbit  at  an  altitude  of  about 

240km. 

The  PICPAT  experiment  comprised  three  packages  (fig.  1).  The  accelerator  package  was  Installed  on  the  pallet. 
The  diagnostic  package,  deployed  in  the  scientific  airlock  about  60  cm  above  the  Spacelab  pressurized  module  was 
instrumented  with  a  magnetic  and  an  electric  antenna  and  associated  receivers  for  covering  two  frequency  ranges 
(SFL  and  SFH),  respectively  0.2  to  11.4  MHz  and  2  to  92  MHz,  in  144  equally  spaced  steps.  Both  packages  were 
controlled  by  a  processor  unit  installed  in  a  rack  inside  the  pressurized  module.  The  electron  accelerator  could  be 
operated  either  in  low  current  (10  mA)  or  high  current  (100  mA)  mode.  The  accelerators  could  be  operated  in  the 
so-called  pulse  mode  (pulse  on  during  20  ms)  or  modulated  mode  (pulse  on  during  40  ms,  modulated  at  300  Hz), 
with  rate  of  3.75  s*1  in  both  cases. 

The  interaction  of  the  shuttle  with  the  ambient  ionospheric  plasma,  at  a  velocity  of  about  8  km/s,  is  known  to 
create  a  region  of  depleted  plasma  density,  extending  in  a  wake-like  structure  at  distances  as  large  as  250  m 
downsream  of  the  spacecraft  [tg.  Gumett  ft  aL,  1988).  The  plasma  conditions  encountered  by  the  beam  were 
therefore  depending  on  the  spacecraft  attitude  :  when  injected  upstream  of  the  shuttle,  the  beam  encountered  an 
almost  homogeneous  medium,  but  when  emitted  at  90*  or  more  with  respect  to  the  shuttle  velocity  vector,  it  first 
had  to  cross  a  low  density  region  before  entering  the  background  ionospheric  plasma.  The  different  methods  used 
to  determine  the  value  of  the  background  plasma  density  are  detail-  d  in  Mourenas  tt  at.  [1989]. 


HIGH-FREQUENCY  WAVE  OBSERVATIONS 

Result! 

As  noted  above,  we  can  classify  the  wave  data  in  two  major  categories,  depending  upon  whether  the  plasma 
density  is  homogeneous  or  not  along  the  beam  trajectory. 

In  the  following,  we  shall  refer  to  the  spectrum  of  the  HF  electric  field  displayed  in  figure  2,  which  is  ooe  of 
the  most  significant  ones,  obtained  in  the  homogeneous  case  [ Mourenas  et  al,  1989].  The  wrapping  curve,  which  was 
obtained  with  a  frequency  resolution  of  660  kHz,  shows  the p/i*  harmonics,  while  the  sharp  spikes  occuring  very  near 
nf„,  forming  the  actual  spectrum,  are  displayed  with  a  better  resolution  (82  kHz).  The  character  oi  the  emissions 
has  been  determined  to  be  electrostatic,  with  the  noticeable  exception  of  the  fundamental  electron  gyrofrequency, 
whose  magnetic  componcn.  cannot  be  neglected.  Here,  the  plasma  frequency  was  well  above  the  gyrofrequency 
(fr  «  3.4 /„).  In  the  remaining  of  the  paper,  we  shall  call  F„  such  as  Fc  =  Nfa  the  "fundamental  frequency",  closest 
to  /*,  whose  harmonics  are  observed. 

After  careful  analysis  of  the  data,  we  have  concluded  hat  these  fines  could  not  be  produced  inride  the  electronics 
itself  Indeed,  sometimes  the  intensity  of  the  harmonic  lines p  't\  is  higher  than  that  of  the  fundamental  *  fact  which 


anno <  be  explai ned  by  t  non-linear  effect  inside  the  electronic*.  Moreover,  the  level  reached  by  fundamental  [ice* 
it  often  lower  than  the  required  level  to  produce  harmonica  by  nonlinearity  in  the  elf  dr  yska.  We  condude  that 
tbeae' harmonics  are  really  produced  in  the  medium.  In  most  cases,  their  amplitude  -  which  reaches  0 H  V/m  near 

when  the  angle  between  the  electric  antenna  and  the  Earth  magnetic  field  is  close  to  90'  -  is  decreasing  when 
the  ambient  plasma  density  is  increasing  Wc  have  found  that  'he  amplitude  of  individual  pF,  emissions  follows  a 
power  law  E(pFJ  op **  (fig.  3). 

Iatcrpretatioa 

la  fact,  the  type  of  waves  we  measured  seems  to  be  intimately  linked  to  the  shuttle  neutralization  process. 
Indeed,  a  vehicle  emitting  an  electron  beam  of  100  mA  into  vacuum  would  charge  up  to  the  acceleration  voltage. 
Here,  the  amb-'ent  thermal  plasma  provides  a  return  current  proportional  lo  the  effective  collecting  area  of  the 
shuttle.  Part  of  it  is  made  of  suprathermal  electrons  accelerated  by  the  charging  mechanisms.  Recent  results  [ Frank 
et  sfi,  1989]  indicated  that  a  return  current  could  also  be  produced  by  an  ion  acoustic  instability  driven  by  the 
primary  beam.  These  return  current  electrons  would  be  more  efficient  than  the  primary  beam  electrons  in  interacting 
with  slow  plasma  waves,  because  of  their  somewhat  smaller  velocity. 

Young  ft  at.  (1973]  have  shown  that  emissions  very  close  to  n/„  can  only  be  crated  by  mean  of  an  interaction 
between  ionospheric  electrons  and  a  less  dense  electron  beam,  whose  distribution  function  has  to  exhibit  some  kind 
of  anisotropy.  Namely,  either  a  temperature  anisotropy  or  a  loss-cone  like  anisotropy  is  necessary.  However,  in  the 
peculiar  ease  of  the  P1CPAB  experiment,  as  well  for  the  primary  beam  as  for  the  return  current,  vehicle  charging 
favors  in  which  case  cyclotron  instability  cannot  be  triggered  by  temperature  anisotropy  [Mikhailm-skii, 

1974],  Thus,  we  came  to  assume  the  existence  of  a  loss-cone  like  distribution.  Besides,  after-effects  in  both  wave  and 
return  flux  measurements  showed  that  emissions  could  be  observed  up  to  one  millisecond  after  the  heam  was  shut 
down,  well  correlated  with  neutralization  return  fluxes,  at  a  time  when  the  primary  beam  had  travelled  a  few  tens 
kllomcteri  away  from  the  shuttle.  This  is  another  strong  argument  in  favor  of  a  wave  generation  mechanism 
associated  with  the  secondary  beam  of  returning  electrons.  This  assumption  is  also  supported  by  the  observation  of 
the  same  waves  during  beam  injection  parallel  to  the  B,  field,  in  which  ease  it  would  be  unlikely  that  the  primary 
beam  could  exhibit  a  loss-cone  structure  at  a  so  short  distance  from  the  accelerator. 

It  should  be  noted  that  Belmont  [1981]  has  already  reported  some  simulations  with  a  hot  ring  distribution, 
showing  the  occurrence  of  instabilities  in  the  vicinity  of  gyroharmonics  for  a  parameter  range  very  dose  to  ours. 
The  non- Maxwell  an  perpendicular  velocity  distribution  needed  for  a  pronounced  loss-cone  like  distribution,  such 
as  a  helical  beam,  could  have  been  achieved  by  the  effect  of  the  radial  electric  field,  due  to  the  unneutralized 
primary  beam,  acting  on  the  return  flux’s  electrons  which  are  supposed  to  Dow  at  the  edge  of  the  primary  beam 
column.  Indeed,  according  to  the  review  by  Linson  and  Papadopoubs  [1980],  transverse  fields  of  the  order  of  several 
volu  per  meter  could  be  expected  with  beam  intensity  similar  lo  that  of  PICFAB. 

In  the  peculiar  conditions  of  the  PICPAB  experiment,  such  a  wave  generation  mechanism  occurring  in  the 
vicinity  of  the  primary  beam  column  edge  could  lead  to  an  explanation  of  the  lade  of  previous  observation  of  the 
fine  structure  in  fm  harmonics.  Indeed,  due  to  the  strong  plasma  inhomogeneity  at  the  edge  of  the  column,  these 
waves  won't  be  able  to  travel  on  a  long  distance  perpendicularly  to  the  magnetic  field,  beirg  rapidly  and  strongly 
cyclotron  damped  as  Bernstein  modes  are.  In  fact,  if  the  wave  norma)  of  Bernstein  modes  is  known  to  be  restricted 
to  directions  quasi-perpendicular  to  B„  field,  the  wave  energy  propagates  longitudinally  as  cylindrical  waves  around 
the  source  ( Gonfalone  and  Bfghin,  1973],  in  a  direction  where  the  density  of  supiaths  rmal  electrons  is  supposed  to 
be  homogeneous.  Furthermore,  one  must  remember  that  the  space  shuttle  is  Dying  through  the  ionosphere  with  a 
velority  of  about  7  km/s  when  emitting  the  primary  electron  beam.  Then,  to  be  detected  on  board  the  same  moving 
orbiter,  waves  have  to  suit  a  certain  "rendezvous'  condition.  In  fad,  the  perpendicular  component  of  their  group 


velocity  mint  be  equal  to  tbc  perpendicular  component  of  the  shuttle  velocity. 

Moreover,  it  b  always  assumed  that  for  beam-plasma  experiments  in  the  io  nor /here,  the  interaction  region  can 
be  considered  as  homogeneous  over  a  great  distance  (few  hundred  meters)  aloe  j  the  magnetic  Geld  line,  whereas 
sharp  iabomogene  tries  can  be  observed  transversely  within  a  short  distance  (Jes.  Jten  the  Lara  or  radius  of  the 
primary  beam).  Here,  it  is  worth  noting  that  if  the  *rendcz-vous*  condition  can  be  met,  tbc  wave  amplitude  will  be 
frnwvM  by  the  parallel  interaction  length  alone.  In  mch  a  case,  we  would  get  rid  of  eventual  damping  caused  by 
pfTjvMwtirnlvr  inhomogeneitics  of  the  medium,  and  the  whole  beam-return  current-waves  system  would  be  motionless 
hi  the  prtprmtWnljT  direction  in  the  shuttle  frame.  This  would  infer  that  unless  being  very  close  to  the  beam  column, 
no  fine  structure  in  f„  harmonics  could  be  detected. 

WAVE  FOLLOWER  MODEL 

Dispersion  equation 

We  aim  here  at  recovering  the  generation  of  the  very  first  part  of  the  spectrum,  Le.  only  the  fust  cyclotron 
harmonics  modulated  in  amplitude  around  the  plasma  frequency.  The  nest  section  will  treat  the  subsequent  non¬ 
linear  evolution  of  the  same  kind  of  instability,  leading  to  the  generation  of  harmonics  of  this  first  packet,  in  a  way 
simitar  to  that  adopted  by  O’Neil  el  at.  (1971]  to  explain  harmonics  generation. 

In  the  present  model,  we  consider  a  helicoidal  electron  beam  travelling  through  an  uniform  magnetic  field  in  an 
infinite  homogeneous  plasma.  Ion  motion  can  be  neglected,  since  we  aim  at  studying  high-frequency  emissions.  The 
perturbations  are  assumed  quasistatic  and  in  the  form  of  plane  waves  :  exp(  -/  [  ut  -  kjc  -  k,/t  }  ),  where  jr  and  z  arc 
perpendicular  and  parallel  directions  with  respect  to  the  B ,  field,  respectively. 

We  shall  consider  either  (i)  complex  u  and  real  k  (CWRK)  to  determine  the  branches  (u,  k)  of  instability  and 
their  growth  rate  7  -  Im(u)/ |  u  | ,  or  (ii)  real  u,  ktl  and  complex  ki  (RWCK),  in  order  to  find  out  whether  the 
instabilities  are  absolute  or  convective  and  thee,  in  case  of  convective  waves,  to  evaluate  their  group  velocity  v,  and 
to  obtain  the  spatial  growth  rate  Im(kJ. 

We  start  from  the  usual  quasistatic  dispersion  equation 

1  ♦«,+  *.-  0  (1) 

where  tf  and  eb  are  the  plasma  and  beam  susceptibilities,  as  defined  by  Harris  [1961].  With  the  further  assumption 
of  a  Maxwellian  distribution  for  the  plasma  electrons,  we  get : 
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with  X  m  k*  rJ/JuJ ,  where  is  the  badegr'—nd  plasma  thermal  velocity. 

f.(A)  are  modified  Bessel  function  of  the  fim  kind  and  Z(f)  is  the  plasma  dispersion  function  [Fried  and  Conte, 
1961].  The  return-beam  distribution  fuu-iion  is  chosen  as  c 
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where  {7 is  the  directed  beam  velocity  along  and  the  transverse  velocity  distribution  is  assumed  to  be  of  the  loss- 
cone  kind,  in  the  fora  u  the  Doiy-Guest-Harris  function 
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Making  use  of  the  formalism  adopted  by  Sadi  [1970],  it  follows  that 
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where  5.  -  exp(-i<}[f.(i')(l-K+m)  +  »'f..1(i')] 
r.  -  exp(-*)[/.„(i/)  +/.(i')(m/l/-l)] 
v  -  kM/lj.*  . 

Though  extensive  work  had  been  dene  in  this  field,  our  particular  parameter  range  had  not  yet  been  investigated 
in  detnik.  Indeed,  the  previous  numerical  calculations  have  been  done  for  i  ratio  of  beam  density  over  plasm* 
density  njnf  greater  than  one,  what  leads  to  (n  +  !/2Jfm  emissions  \Ashour-Abda!,'a  end  Kennel,  1973].  We  shall  see 
below  that  the  lower  expected  ratio  (0.01)  in  our  case  will  help  also  to  move  the  instability  region  from  the  usual 
(n*I/2)fa  to  near  n/„.  This  could  have  been  expected  from  the  work  by  Young  tt  al.  [1973],  at  least  when  k//'a 
mflidentfy  small,  or  from  the  careful  study  of  expci  imental  re.  alts  in  space  and  laboratory  [Koons  and  Cohen,  1982; 
Bernstein  tt  el,  1975]. 

Equation  (1)  has  been  solved  for  njnf  •  0331  and  VJV„  «  30,  which  are  values  close  to  these  of  the 
experimental  conditions.  Indeed,  the  secondary  beam  density  and  temperature  have  been  grossly  estimated  to  lie 
in  the  range  [Mourtnas  tt  el.,  1939].  The  ratio  fr/f„  »  3 3  has  been  selected  to  agree  with  the  conditions  generally 
encountered  along  the  shuttle  orbit.  Finally,  we  took  Vt  -  v/2  and  U  -  0  for  most  of  the  simulation  runs.  As  for 
0,  it  can  be  shown  that  in  case  of  cy  clotron  harmonics,  it  has  to  lie  inside  a  narrow  band  close  to  90*.  The  lower  limit 
for  0  can  be  described  in  terms  of  cyclotron  damping  due  to  the  cold  plasma  electrons.  Similarly,  an  upper  limit  can 
be  determined  by  noting  that  small  k,/  are  linked  by  the  resonant  conditions  to  high  beam  electron  velocities.  Thus, 
the  lower  k//t  the  lower  the  number  of  resonant  particles. 

Coapnrlsoa  a t  the  mode!  with  the  experiments 

First,  we  have  drawn  the  dispersion  curves  for  the  above  defined  parameters.  It  appeared  that  the  emissions 
were  effectively  Bernstein  modes,  whose  growth  rate  was  significant  in  the  vicinity  of  and  negligible  near  the 
half-harmonics.  Now,  as  the  waves  fitting  the  "rendezvous  condition'  are  the  only  ones  which  should  be  detected, 
it  is  of  considerable  interest  to  find  out  whether  vfi  can  effectively  fit  v„.  As  the  angle  between  the  shuttle  velocity 
vector  and  the  geomagnetic  field  was  observed  to  vary  from  30“  to  87°  during  the  mission,  we  get  3.7  <  vfl  <  IS 
km/s.  Measurements  provided  bv  the  electron  temperature  probe  [Ingsoy  tt  al,  1936]  indicate  that  v„  was  lying 
between  about  145  and  175  km/s.  Thus,  we  must  look  for  vfl  values  such  as 

1/40  <  vflA.  <  1/20  (6) 

la  a  further  attempt  to  try  our  model,  we  consider  the  whole  spectrum  as  it  can  be  predicted  in  the  experimental 
parameter  range.  We  aim  in  particular  at  recovering  a  growth  rate  modulation  similar  to  the  amplitude  modulation 
observed  in  the  data  (figure  2).  In  addition  to  the  parameters  which  have  been  already  determined,  we  maintain 
|vj  fixed  by  the  rendezvous  condition  ( | |  -  0.04  vm)  and  determine  the  growth  late  for  each  cyclotron 
harmonic.  That  is  shown  in  figure  4,  where  f  is  plotted  as  a  function  of  the  ratio  We  can  norice  there  that 
each  mode  of  order  n,  with  the  sole  exception  of  mode  3,  reaches  its  maximum  growth  rate  and  rises  upon  all  others 
•lien  (n-iy„  <  fr  <  nf^  then  otherwise  decreases.  Thus,  according  to  the  present  model,  it  is  expected  that,  for 
instance,  the  wave  near  4 /„  should  dominate  the  spectrum  when  3J  <  J/Sf*  <  d-3  .  accompanied  by  smaller 
amplitude  waves  near  3  /„  and  5  /„. 

Interaction  length 

To  complete  this  work,  we  have  to  find  out  whether  these  cyclotron  modes  could  eventually  reach  growth  rate* 
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Ugh  enough  to  load  to  some  subsequent  non -linear  generation  of  (at  least)  the  largest  among  them.  Examining  the 
resonance  cine  to^V.  as  observed  in  figure  2,  with  fr/[m  “  33,  v»  «  147  km/s  and  -  vn  -  0.044  vM  we  obtain 
•  solutSoa  mf  «  4XX065fm  with  fcj^  -  03075  um  y  «•  7310^  and  Imfkjv*  ■  63  Iff1  w„  (we  have  in  addition 
/.-1MHz). 

The  time  needed  by  the  wave  to  grow  from  the  noise  level  and  to  reach  the  non-linear  regime  corresponds  to 
about  10  e-foldings  periods.  That  is,  the  growth  time  t.  required  for  the  n  ■  4  mode  to  enable  the  production  of 
its  harmonica  (8/„,  12  f„  _)  is  about  5.4  ms.  At  that  time,  the  parallel  distance  covered  by  the  wave  k 
D//“ V f* * V,»/Un(vi ’  B*>-  Ken  **  have  (V  B*>  "  **■  ^  **  get  250  m. 

The  above  values  are  consistent  with  'be  experimental  conditions.  Indeed,  first  a  gun  pulse  lasts  203  ms  and  the 
entire  frequency  range  analysis  needs  19  ms  to  be  performed.  Therefore,  one  can  expect  to  observe  the  mode  4, 
which  is  considered  here,  within  one  single  puke,  m  it  occurs.  Second,  a  longitudinal  growth  length  of  about  250  m 
is  reasonably  supported  by  measurements  made  by  several  rochet  experiments.  For  example,  Jacobsen  [1982],  with 
the  rochet  experiment  Polar  5,  repotted  tome  observations  related  to  high  energy  beam  injection  in  the  P-region, 
showing  that  the  suprathermal  region  extended  op  to  one  hundred  meters  op  and  down  the  accelerator  along  the 
geomagnetic  Geld  line. 

Thus,  at  least  for  the  linear  step  of  wave  generation  mechanism,  Le.  production  of  the  first  cydotron  harmonics 
arotmd  /*,  the  agreement  between  theory  and  experiment  appears  to  be  quite  good. 


NON-UNEAR  EVOLUTION 


In  As  previous  sections  we  have  underlined  that  the  instability  was  growing  in  time  and  not  in  space,  in  the 
shuttle  reference  frame,  in  the  perpendicular  direction  with  respect  to  lire  magnetic  field.  We  shall  therefore  consider 
is  the  following  an  absolute  instability.  Intrinsically,  our  work  is  an  extension  of  the  single-wave  model  previously 
developed  by  O'Neil  el  at.  [1971j  in  case  of  a  linear  instability  non-iin early  saturated  by  trapping.  However,  the  work 
of  these  authors,  as  well  as  subsequent  experimental  and  theoretical  works  [Seidl  et  aJ ,  1976]  were  restricted  to 
other  strictly  or  grossly  one-dimensional  problems,  therefore  excluding  any  magnetic  field  effect  It  is  obvious  that 
this  cannot  be  a  proper  approach  to  our  problem,  since  we  wish  to  consider  cyclotron  Bernstein  waves. 
Consequently,  we  have  developed  a  new  analytical  model  which  can  apply  to  a  two-  or  three-dimensional  problem. 

We  consider  a  simple  mode!  of  particle  in  eell,  which  must  be  solved  numerically.  The  cold  plasma  is  treated 
Eke  an  infinite  homogeneous  fluid,  while  the  beam  consists  of  N  discrete  charges  which  are  initially  uniformly 
distributed  in  space.  To  facilitate  forthcoming  calculations,  we  assume  that  the  beam  exhibits  a  ring  distribution, 
Le,  a  Dirac  distribution  in  perpeodicular  velocity  what  represents  the  limiting  case  of  a  Dory-Guest-Harris  function. 
We  take  care  that  the  condition  2v,  «  2v,  -  0  be  satisfied,  given  that  the  steady  magnetic  field  B,  is  aligned  with 
the  i  axis.  It  means  that  we  shall  have  an  isotropic  or  quasi-isotropic  velocity  distribution.  We  shall  hereafter  consider 
a  system  with  a  2 */k,  periodicity  imposed  by  the  fact  that  we  write  the  potential  in  the  form  #(r)  -  expfiJt. .  r), 
with  k,  -  (k* ,  4  *//)  as  before.  Thus,  we  get  a  2 */kL  periodicity  in  the  plane  perpendicular  to  and  a  2 x/ku 
periodicity  along  the  z-axis.  The  beam  is  distributed  uniformly  on  a  layer  perpendicular  to  the  z-axis.  Similarly,  we 
could  have  chosen  a  uniform  distribution  along  the  3,-fieId  line.  However,  the  interaction  of  a  beam  with  a  single 
wave  in  this  direction  leads  to  the  case  studied  by  O’Neil  et  oL  [1971]  in  erne  dimension.  Accordingly,  we  sbouid 
observe  beam  particle  trapping,  the  limiting  case  consisting  in  a  delta  function  charge  density  p(z)  -  £(z).  In  the 
present  ease,  at  we  are  working  in  the  Emit  <<  X/y  (wiser.  A  -  2»/k  and  k  ~  kj,  we  can  expect  the  much  faster 
perpendicular  trapping  to  dominate  the  dynamics  and  insure  non-linear  saturation  of  the  wave  amplitude  before  that 
any  motion  of  the  electrons  along  z  becomes  perceptible.  Moreover,  it  has  been  shown  [Mourenas,  1989]  that  taking 
into  account  either  one  or  L  perpendicular  beam-particles  layers  does  not  make  any  difference  in  the  linear  growth- 
rate  calculation.  Therefore,  we  chose  to  me  a  one-layer  beam  configuration. 


Tie  beam  plasma  system  evolution  can  be  described  as  follows.  Initially,  it  exhibits  a  finite  number  of  resonances, 
which  (row  exponentially  from  the  therms!  noise  level  The  fastest  growing  v/ave  will  rapidly  exceed  its  neighbor* 
amplitude,  sad  wifi  dominate  the  interaction  dynamics.  However,  after  a  first  period  of  linear  growth,  the  beam 
electrons  will  be  trapped  and  begin  to  oscillate  in  the  waves  troughs.  Indeed,  when  the  wave  amplitude  is  targe 
eaoegh,  the  linear  growth  rate  7  becomes  of  the  same  order  of  magnitude  as  the  beam  electrons  trapping  frequency 
Uf ,  and  the  wave  profile  docs  not  undergo  many  variations  while  an  important  part  of  the  beam  particles  change 
their  direction,  therefore  loosing  their  ability  to  exchange  energy  with  the  wave.  A  general  stabilization  criteria  reads 
[VanArimer,  1971] 

1  •  ouj  (7) 

where  a  -  L 

During  trapping,  the  beam-electrons  orbits  become  very  non-linear.  The  particles  bunch  in  space  periodically,  what 
bducea  the  harmonic  generation. 

Some  time  after  the  stabilization  of  the  fastest-growing  wave  amplitude,  other  exoted  waves  will  reach  the  same 
level.  Thus,  the  problem  involves  many  waves  ted  a  pr  nper  description  would  male  use  of  a  quzsilinear  theory.  The 
present  model  is  only  valid  for  the  initial  stage  of  the  non-linear  evolution,  but  it  is  sufficient  to  provide  an 
appropriate  description  of  the  growth,  saturation  and  harmonic  production  mechanisms. 


Basic  equations 

First,  we  have  to  formulate  the  ncn-linear  Poisson  equation  to  obtain  an  expression  of  the  temporal  evolution 
of  the  wave  potential  «(r)  for  the  frequency  a,  and  the  wave  vector  Jfc,.  To  this  end,  we  expend  the  background 
plasma  contribution  terns  around  the  solution  (u, ,  ArJ  of  the  linear  equation  (Ie.  Poisson  equation  without  the 
beam  charge-density  term)  uncLr  the  assumption  !m(o)  <  u„  .  Details  of  the  calculations  ran  be  found  in  Ucmrtrms 
[1989].  Then,  we  get  for  the  plasma  charge-der-sity  the  following  expression 


/(*.“)  -  (2n//m,v<,I)exp(-  X)  Z  /.(!)[  A.(u.)  +  (w  -  u,)(3AJ3J)]  «(l,u) 
where  X  •  {k^^/u^'P  and  A,(u)  «  1  +  (u/*/,v1>)Z](<*  -  n  um)/k„vK]  and  using  usual  notations. 


(8) 


Then,  to  calculate  #(/),  we  need  to  apply  the  inverse  Laplace  transform.  To  this  end,  we  tale  for  the  potential  a 
formulation  similar  to  that  of  equation  (9)  of  O'Nei!  et  al  [1971]  in  case  of  Cercnltov  emission,  in  one  dimension, 
except  that  we  work  in  a  coordinate  system  moving  both  along  and  around  the  5,-ficld  line,  with  the  initial  parallel 
and  radial  beam  velocities.  In  this  reference  frame,  ${/)  can  be  expressed  [Mourenas,  1989]  as 

♦(t)  -  S*_(0)exp(..T(w.  V//- 

J  0 


-  mu„)  dr) 


(9) 


Then,  we  set  u,  •  */,»//( 0)  +p«»  -  pu«*  what  corresponds  both  to  the  previous  linear  theory  and  to  experimental 
results.  In  terms  of  the  following  dimensionless  variables 

T  -  umt  ;  fi„  -  (u.  -  nuJ/k„Vt 

0,  -  ajk,frm  ;  Q„  -  w„/k//v< 

the  plasma  charge-density  can  be  rewritten  as 

/(7)  -  [Ze3  exp(.A)  Z  /.(l)  {  -<  :(  39/3T  ]  0,  + 

4  *(T)  cos(7)  k.vjoyk,,  v. )[  2n„  +  z(fU(  - 1  +  2n„n. ) ) 

+  *(7)[  1  +  jpOA.  +  Z(0„)(  d.tn „[n-pr  2pQ.n~  D)  )  (10) 

To  complete  the  Poisson  equation,  we  have  to  determine  the  beam  charge-density  p*(7).  Assuming  the  above- 
mentioned  distribution,  we  get 


m 


t\KT)  -  i»JN)  2  «p(-  •  Ocm)  (U) 

where  *,  k  the  beam  densay,  N  is  the  total  cumber  of  chargee  introduced  in  the  simulation  box  and  Xt ,  Yt,  Zt  are 
the  coordinates  of  individual  beam  particles  in  the  new  reference  frame.  Finally,  from  equations  (10)  and  (11),  we 
can  express  the  potential  evolution  in  the  form 

M/ar  -  I A  +  B  cos(7))  9(7)  *  C I  exp(-  i  ( MX7)  ♦  kz/Z/f)  ] )  (12) 

where  /i  fl  and  C  are  constants  winch  can  be  easily  deduced  from  (10)  and  (11).  This  is  simply  a  power  balance 
equation.  The  energy  gained  by  the  wave  equals  the  energy  lost  by  the  beam  (last  right-hand  side  term),  minus  the 
energy  dissipated  by  cyclotron  damping  (first  right-hand  side  term).  To  describe  correctly  the  beam-plasma  system 
evolution,  we  further  add  the  W  equations  of  motion  of  the  N  beam  charges,  what  we  formulate  as  follows 

t'XJST*  -  •  i  (ckJTmjuJ)  9(0,7)  +■  C.C.-  3YJ3T 

8*YJ87*  -  8x)dT 

8%/37*  -  -  i(tknpmJ4c.*Wn,  7)  +  CC  (13) 

where  we  have  used  the  fad  that  9  can  be  written  as  9(0.7)  -  exp(i  kxX(7)  +  i  kt/Z(7))  9(7).  For  now  on,  we 
shall  impose  Y//(0)  “  0.  However,  we  could  have  considered  a  finite  positive  value.  The  only  difference  would  have 
consisted  in  the  appearance  of  some  new  oscillating  term  with  no  significant  influence  on  the  potential  amplitude 
evolution. 

Wmmrrtnf  calculations 

Fundamental  wave  amplitude  evolution 

The  four  differential  equations  of  first  and  second  order  derived  above  (Le.  Eq.  (12),  (13))  have  been  rewritten 
in  the  laboratory  reference  frame  in  the  form  of  seven  first  order  differential  equations  involving  X,  3X/3T,  Y, 
8Y/8T,  Z,  8Z/8T  and  9.  These  seven  equations  have  to  be  solved  simultaneously  for  each  of  the  At  beam  electrons, 
far  the  one  single  wavelength  system  with  periodic  boundary  conditions  as  described  above.  To  this  end,  we  have 
used  the  Hamming  predictor- corrector  integration  scheme  [Carnahan  et  aL,  1969),  which  represents  a  good 
compromise  between  stability  and  precision. 

To  initiate  the  program,  we  assume  that  the  wave  amplitude  has  already  grown  linearly  from  a  very  small  value. 
The  integration  start  when  $  is  still  within  the  linear  range  (9(0)  -  10"  ’«*t).  but  with  an  amplitude  large  enough 
so  that  the  program  is  not  overcome  by  significant  errors  before  the  saturation  is  reached.  During  each  ran,  the 
momentum  was  conserved  to  better  than  0 1  %,  all  along  the  2000  to  20000  time  steps.  The  program  has  been 
written  for  a  SDN  MS- 1306  work-station,  and  the  integration  time  for  one  step  was  about  4  seconds.  To  keep  the 
running  time  from  being  too  prohibitive  while  maintaining  the  required  accuracy,  no  simulation  was  run  for  more 
than  20000  steps.  Moreover,  we  have  checked  the  rractness  of  the  initial  portion  of  each  curve  by  carefully 
performing  the  same  calculations  with  a  time  step  ten  times  smaller. 

We  have  performed  a  simulation  in  a  case  corresponding  grossly  to  the  experimental  conditions.  We  chose 
njn,  «  (123,  kx  v,/u„  «  0.5,  -  03  m,  #  -  89.90,  ~  3.5  v>„  and  we  have  considered  u„  in  the  vicinity  of  4^ 

The  ratio  Vx(o)/vm  «  1L3  was  chosen  so  as  to  ensure  an  initial  growth  of  he  wave  amplitude  [Crawford  et  aL, 
1970).  The  potential  evolution  is  displayed  cm  figure  5.  The  linear  growth  rate  as  well  ts  the  saturation  amplitude 
agree  quite  well  with  analytical  estimations.  For  instance,  we  read  is  figure  5  that  e#MT/m,  -  7  10"  m*  s'3,  while 
we  can  calculate 


•iiAt/f”.  *  t(7/a)‘  +  2w.  l/o] 


2J-V 


<M> 


which  give*  e^T/m.  -  10"  (0-22/a*  +  1/2). 

Thu*,  taking  a  -  0 J  gives  l  good  estimate.  Oce  cm  see  oe  figure  6  that  y  is  proportional  to  {n/n/)'n,  while 
the  evolution  of  the  beam  charge -density,  which  describes  the  tripping  of  the  beam  electrons,  is  ptotted  in  figure 
7.  It  would  take  the  value  of  unity  if  the  beam  electrons  were  concentrated  on  one  single  X  value,  and  would  be  zero 
if  they  were  uniformly  distributed  over  one  perpendicular  wavclccgth.  In  figure  7,  it  appears  that  the  electrons, 
initially  smoothly  distributed,  are  slowly  trapped  together  as  the  wave  amplitude  grows  exponentially.  But  their 
cyelotronic  motion  detrtps  them,  causing  oscillations  in  the  bean  charge-density,  which  nevertheless  remains  at  a 
high  value,  while  the  wave  reaches  the  saturation.  From  equations  (20)  and  (21),  we  find  that  the  ratio  uraAh.  would 
lie  between  1/15  and  1/d  for  njnf  varying  between  2.10'*  and  Iff1.  Such  small  values  seem  to  be  compatible  with 
eydotron  wave  generation.  Indeed,  it  means  that  trapping  effects  would  take  place  over  a  much  greater  time  scale 
than  the  cyclotron  motion,  thus  appearing  only  as  perturbation  effects  on  the  closed  orbits  of  beam  particles. 

Htmonics  generation 

During  the  trapping  process,  the  anharmonidties  in  the  beam  particles  orbits  cause  the  growth  of  the  harmonics 
(aw,  ,  of  the  beam  charge-density.  Indeed,  the  periodicity  of  the  system  implies  that  there  can  exist  only 
hiraonics  of  the  fundamental  wavenumber,  and  the  cyclotron  resonance  condition  for  the  beam  electrons 
u-qum  m  *//»//  implies  that  u/u,  ■  k/k,  -  n  for  the  harmonies.  From  the  Lsplace  transform  of  Poisson  equation, 

we  get 


«.  (/Ur.)1  «(rJr0)  -  /(„*.)  +  fi\nk,)  (15) 

In  order  to  determine  the  ratio  «(U0)/«(*,),  we  need  first  to  know  the  variation  of  the  charge  density  p\nk.) 
as  a  function  of  n.  Using  equation  (11),  wc  have  computed  this  quantity,  in  the  same  case  study  as  in  figure  4 .  We 
observe  that  p*(«k.)  follow*  roughly  a  power  law  a  n*  with  n  evolving  from  5,  when  trapping  is  still  small 
(1*  »  0.5),  to  1  when  saturation  of  the  fundamental  wave  amplitude  is  reached.  This  can  be  explained  as  follow*. 
Before  that  trapping  occurs,  the  beam  charge-density  can  be  calculated  by  mean  of  1  power  expansion  of  the 
fundamental  electric  Geld.  Consequently,  p*(nij  must  decrease  exponentially  with  n.  On  the  contrary,  when  tripping 
cannot  be  neglected  any  more,  the  expansion  is  no  longer  valid.  In  the  limit  where  p‘(X)  -  S (X),  the  charge  density 
would  even  become  independent  of  n.  Thus,  the  decrease  in  the  exponent  corresponds  to  increasing  trapping  effects. 

Next,  we  calcula'e  4{nk,).  To  begin,  we  take  n  -  2  and  we  solve  (15)  with  p\ 7k,)  -  p'(*,)/2  (Le.  p‘(nk,)  a  n * 
i*e*timated  numerically  near  the  saturation)  and  ^(Zk.)  »  G(2J;c)$(2k,),  where  the  function  G(k)  includes  terms 
of  equation  (12)  which  are  independent  of  t  and  have  been  numerically  determined  for  (2 u, ,  2k.).  In  the  small 
beam  density  ease  (njnf  «  023),  we  have  obtained  fr(2k0)/4>(k,)  -  0.02.  Furthermore,  we  have  observed  that  the 
contribution  of  the  background  plasma  to  the  harmonica  could  be  neglected.  This  last  result  can  be  easily  understood 
when  noting  that  the  main  wave  frequency  a  taken  to  lie  very  dose  to  an  unperturbed  Bernstein  branch,  while 
harmonic*  (no, ,  nJt.)  are  not  Thus,  the  plasma  can  be  considered  as  con-resonant  for  the  harmonics.  Finally, 
repeating  thi*  procedure  for  any  integer  n,  we  have  obtained  the  following  power  law  for  the  considered  case  study 


|£(n*.)|  -0.16 /I'1  |£(k.)| 


(16) 
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CONCLUSION 

Measurements  of  high-frequency  were  nude  on  board  SPACEIAB-1  durirg  artificial  electron  beam  injection 
from  the  ihottle  bay.  The  most  unusual  kind  of  spectrum  is  considered  here,  l.e,  packets  of  electron  cyclotron 
waves  occuring  at  successive  harmonics  of  a  frequency  F,  dose  to  the  plasma  frequency. 

Wo  have  shown  that  the  first  electron  gyrofrcquenry  harmonics  modulated  in  amplitude,  with  a  mmmum  near 
fm  could  be  captained  in  terms  of  sn  interaction  betwoen  the  ambiaet  MaxweSka  plasma  and  a  neutraliration  beam 
whose  distribution  function  must  be  of  a  toss-cone  kind. 

A  numerical  resolution  of  tbe  diversion  equation  has  been  undertaken,  with  the  experimental  constraint  that 
the  waves  have  to  fit  the  "rendezvous*  condition  with  the  instruments  Dying  on  board  the  orbiter.  Tbe  observed 
electron  cyclotron  emissions,  ns  weil  as  their  amplitude  modulation  around  the  fundamental  of  the  plasma  frequency, 
are  {mad  to  be  easily  explained  by  such  a  linear  theory, 

However,  the  observation  of  successive  harmonic  packets  around  pF,  remained  to  be  interpreted.  To  this  end, 
a  two-dimensional  risgle-wave  model  of  the  non-linear  interaction  between  a  finite  size  ring  beam  and  an  infinite 
homogeneous  magnetized  plasma  is  presented.  A  system  of  scaled  equations  is  developed,  and  then  solved 
numerically.  The  solution  shows  that  the  considered  single  F,  wave  grows  expoocuiially  at  the  linear  growth  rate, 
then  the  wave  potential  saturates  due  to  beam  electron  trapping,  while  producing  a  power  law  spectrum  of  the  higher 
pF,  harmonics  of  the  electric  field,  very  similar  to  what  was  observed  experimentally. 
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Fig.  L  ConSguratioo  of  the  P1CPAB  instruments  on  the  shuttle. 


F%.  2-  Plot  of  the  spectral  density  of  the  electric  field  for  -  14/*.  The  frequency  is  normalized  with  respect 
to  a  modelized  value  of/*.  The  envelope  curve  is  provided  by  a  Urge  band  analyzer  (  0-90  MHz,  resolution  0.66 
MHz).  The  full  resolution  of  the  spectrum  is  given  by  a  narrow  band  analyzer  (  0-11.5  MHz,  resolution  0.082 
MHz).  Here,  I(beam)-103  mA,  E(beam)»8  KeV. 
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Fig.  3.  Plot  of  the  electric  field  amplitude  fa  the  harmonics  pF, : 

a)  Sequence  28,  least-square  root  drawing  for  p  »  2  to  9,  giving  a  law  a  p*3. 

b)  Sequence  53 ;  dotted  line :  least-square  root  drawing  for  p  «  1  to  5,  solid  line  :  least -squire  root  drawing  for 
P  “  2  to  5  leading  to 
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DISCUSS ION 

ft.  ft.  BENSON,  OS 

•fast  range  of  plasma  to  gyro  frequency  values  war*  covered  by  your  experimental 
conditions  and  what  vat  the  value  correspond ing  to  the  results  presented?  A  1*0,  hov 
dlffarant  ara  the  frequencies  of  thaaa  vavea  fro®  tha  peak  frequencies  of  tha 
Bamataln  node*  —  called  tha  Q  raaorancea  on  Alouatte  and  ISIS  topside  sounder 
ionogrema? 

AUTHOR'S  REPLY 

While  tha  ratio  varied  between  about  t  and  9,  tha  results  presented  her#  were 

for  3.4,  and  tha  ‘kind'  of  waves  ve  observed  vea  aiailar  In  tha  range  3  to  9.  Whan 
this  ratio  was  about  l,  dlffarant  kinds  of  emissions  occurred,  depending  on  tha 
background  please  density  level  and  inhosogeneity .  Tha  frequencies  of  tha  reported 
waves  ware  exact  harmonica  of  the  electron  gyrof requency ,  thus  very  different  froa 
tha  Q  resonances,  at  ass at  for  tha  first  onaa  (in  particular,  4f  and  sf  ) , 
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INTRODUCTION 

Studies  of  electrical  chaining  of  space  vehicles  have  been  reported  in  a  number  of  papers  in 
the  last  ten  years.  These  studies  arc  based  on  charging  due  to  onboard  electron  and  ion 
accelerators  as  well  as  charging  due  to  thermal  and  energetic  electrically  charged  particles 
impinging  on  the  surface  of  the  vehicle.  In  spite  of  this  significant  effort  made  in  the  field 
both  theoretically  and  experimentally,  the  vehicle  charging  problem  is  far  from  being 
completely  understood. 

Part  of  the  problem  relates  to  the  effects  of  the  plasma  disturbances  created  by  the  beam. 
Several  attempts  have  been  made  with  a  varying  degree  of  success  to  simulate  space  plasma 
processes  in  Urge  plasma  chambers.  The  celebrated  studies  in  the  large  chamber  at  Johnson 
Space  Center  in  Houston  by  Bernstein  and  collaborators  (1)  show  that  the  plasma  may  be 
very  disturbed  in  the  presence  of  a  beam  of  fast  electrons  by  a  ”BPD”  process  ("Beam  Plasma 
Discharge”).  This  process  was  expected  also  to  explain  phenomena  observed  in  the  upper 
atmosphere  and  possibly  various  aspects  of  the  vehicle  charging.  However,  there  are  still 
some  doubts  as  to  whether  the  BPD  really  occurs  in  space,  and  the  significance  of  the 
laboratory  simulation  experiments  conducted  in  the  past  remains  obscure. 

In  this  paper  we  present  a  number  of  high  vehicle  charging  generated  by  electron  beams  and 
discuss  how  this  charging  depends  on  the  characteristics  of  the  plasma  environment  Also, 
tome  results  from  a  simulation  study  of  these  problems  conducted  in  the  NDRE  plasma 
chamber  are  reviewed. 

ELECTRICAL  CHARGING  OF  SPACE  VEHICLES 

By  early  rocket-bom:  electron  accelerators,  such  as  Hess’  artificial  aurora  experiment  (2) 
and  Winckler’s  first  ECHO  rockets  (3)  there  was  a  general  fear  for  an  excessive  vehicle 
charging  associated  with  the  electron  injection  into  the  plasma,  and  large  sails  were  installed 
on  the  vehicle  to  enhance  the  return  current  area.  However,  neither  of  these  spacecrafts  nor  a 
series  of  consecutive  rocket  and  satellite  payloads  in  the  ionospheric  F  layer  displayed  any 
excessive  charging.  In  fact,  in  most  cases  the  payload  potential  was  limited  to  a  few  per  cent 
of  the  accelerator  energy  (4). 

The  unexpected  low  potential  of  these  payloads  was  never  really  properly  explained.  The 
various  types  of  return  currents  from  the  environment  which  contribute  to  the  neutralization 
of  the  vehicle  include  CO  electron  and  km  currents  from  the  undisturbed  thermal  plasma,  (ii) 
secondary  electrons  generated  by  the  beam,  (Hi)  background  electrons  energized  by  the  beam 
and  the  charged  vehicle  and  finally,  (W)  secondary  electrons  generated  on  the  spacecraft 
surface  when  it  is  bombarded  by  energetic  particles.  « 


If  the  thermal,  undisturbed  plasma  environment  played  an  important  role  in  the  neutralization, 
we  would  anticipate  that  the  vehicle  potential  varied  with  the  density  and  temperature  of 
these  electrons.  The  thermal  return  current  to  a  satellite  surface  A’  may  be  derived  from  the 
following  formula  (5): 

4-  (10-»  N«)  (T./160C)W  A*  (mA) 

For  a  background  plasma  density  N,-  10n  nr3,  and  temperature  T,=  1600  K  the  total  current 
amounts  to  only  1  mA  on  a  return  surface  of  1  m3.  It  is  difficult  to  envisage  how  this  low 
current  could  possibly  contribute  significantly  to  the  neutralization  for  beam  currents  greater 
that  ay  10  mA.  Therefore,  for  many  years  it  was  assumed  that  the  vehicle  is  neutralized  by  a 
current  carried  by  newly  generated  secondary  electrons  or  heated  background  electrons  rather 
than  the  thermal  electrons  in  the  plasma. 

Unfortunately,  simple  formulas  are  not  available  for  calculating  the  return  currents  from 
plasmas  ionized  and  heated  by  the  particle  beams.  This  plasma  may  not  have  a  thermal  (6)  or 
isotropic  distribution.  Furthermore,  the  relation  between  the  plasma  density  enhancement  and 
the  beam  current  and  energy  has  not  yet  been  established  in  regions  where  the  atmospheric 
density  is  so  low  that  ionization  produced  by  non-elastic  collisions  between  the  beam 
particles  and  atmospheric  atoms  can  be  neglected. 

The  question  is  now  whether  the  disturbed  plasma  environment  is  always  capable  of 
neutralizing  an  electrically  charged  space  vehicle.  The  answer  is  negative.  In  fact,  the  first 
spacecraft  to  obtain  an  excessive  charging  due  to  on-board  particle  accelerators  was  the 
SCATHA  satellite  (7).  Later,  the  SPACELAB  1  payload  on  STS  was  reported  to  reach  a 
potential  similar  to  the  beam  energy  during  the  electron  accelerator  operation  of  the  Japanese/ 
US  experiment  SEPAC  (7). 

More  recently,  the  USSR  accelerator  rocket  Gruzia-Spurt  electric  field  monitors  indicated 
that  the  potential  of  the  payload  exceeded  the  electron  beam  energy  during  part  of  the  flight 
(9).  This  effect,  which  at  first  appeared  as  some  sort  of  a  "perpetual  motion"  and  explained  as 
an  experimental  error,  has  later  been  referred  to  u  "supercharging"  and  treated  in  several 
experimental  and  theoretical  papers,  some  of  which  which  we  return  to  later. 

Why  some  of  the  electron  accelerator  carrying  vehicles  show  high  charging,  whereas  others 
are  charged  to  moderate  potentials  is  still  an  unsolved  question,  although  certain  clarifications 
have  emerged  from  recent  theoretical  studies. 

The  highest  spacecraft  potential  up  to  now  was  observed  by  the  tethered  Mother-Daughter 
rocket  MAIM  IK.  For  beam  currents  higher  than  80  mA  and  electron  beam  energies  equal  to  8 
keV  the  accelerator  carrying  Daughter  payload  was  charged  to  more  than  12  kV(Figurc  1). 
This  measurement  was  based  on  several  diagnostics  instruments,  including  a  tether  voltage 
monitor,  several  return  current  spectrometers  and  electric  field  probes. 


Figure  1  Observed  potential  of  the  MAIMTK  rocket  vs  the  electron  accelerator 
beam  currant  (10) 


The  MAIMIK  rocket  data  have  been  thoroughly  studied,  and  it  was  concluded  that  the  high 
charging  may  have  been  caused  by  die  exceptionally  low  density  of  the  plasma  environment 
|  (10).  hi  fact,  the  density  was  only  1010  nr3.  This  conclusion  is  very  significant,  since  most  of 

£  die  previous  studies  have  assumed  that  die  rttum  current  from  die  undisturbed  plasma  is  too 

low  anyhow,  and  hence  of  less  importance  for  the  neutralization  process. 
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Observed  potential  of  the  accelerator  rocket  Gruzia-Spurt  vs  beam  current  for 
three  different  background  plasma  densities.  (11) 


Observed  potential  of  STS  is  a  function  of  background  plasma  density  during 
injection  of  electron  beams  from  the  spacecraft.  (12) 
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Mote  recently  several  workers  have  discussed  how  the  background  plasma  density  affects  the 
vehicle  neutralization.  Managadze  et  al  (11)  have  analyzed  how  the  Gruzia-Spurt  rocket  is 
charged  in  different  plasma  densities,  and  indeed  found  that  the  highest  potentials  occur  in  the 
most  tenuous  plasmas  (Figure  2).  Also,  in  his  PhD  thesis  Hawkins  (12)  demonstrates  how  the 
charging  of  Spacelab  2  varies  with  the  density  of  the  environmental  plasma  based  on  the 
VCAP  experiment  (Figure  3).  He  finds  that  the  potential  of  this  fairly  large  vehicle  was 
increased  significantly  then  the  background  density  was  reduced  below  some  2  *  1011  nr3. 

If  the  space  vehicle  potential  really  is  reaching  a  value  which  exceeds  the  beam  energy,  one 
would  like  to  ask  two  relevant  questions: 

1  Which  physical  processes  in  the  plasma  allow  the  potential  to  exceed  the  beam  energy? 
Is  this  result  based  on  an  erroneous  interpretation  of  the  observations,  or  is  it  real? 

2  How  is  the  plasma  around  a  highly  charged  vehicle  modified  during  "super  charging” 
events? 

The  supercharging  problem  was  first  treated  by  Wingley  and  Pritchett  (13),  who  utilized  the 
"Virtual  Cathode”  concept  originally  proposed  by  Langmuir  in  the  1930-s.  They  found  that 
an  electron  emitting  body  in  a  plasma  may  indeed  be  charged  to  a  potential  which  is  slightly 
higher  than  the  beam  energy.  More  recently  Mane  ell  and  Katz  (14)  have  proposed  another 
mode!  based  on  the  assumption  of  an  energy  spres  ding  of  the  beam  under  the  influence  of 
electrostatic  waves  set  up  by  the  beam  itself.  Therefore,  there  are  several  ways  to  approach 
this  problem,  but  the  final  solution  is  not  yet  reached. 

Remote  effects  of  the  high  vehicle  charging  on  the  environmental  electric  fields  was 
measured  on  the  Mother  payload  of  MAIMIK  up  to  several  tens  of  meters  from  the  Daughter 
payload  for  beam  currents  greater  than  80  mA  (15).  It  is  interesting  to  see  how  the  field  built 
up  during  the  first  milliseconds,  when  the  shieldin  g  was  being  created.  Later  in  the  pulse  the 
charged  Daughter  was  screened  by  the  plasma.  Hence,  the  Debye  shielding  distance  does  not 
really  have  any  meaning  during  the  initial  part  of  the  pulse. 

Another  interesting  effect  of  the  plasma  screening  is  seen  in  die  temperature  disturbances  in 
the  remote  plasma.  Examples  of  the  observed  temperature  enhancements  at  distances  of  15  - 
25  m  normal  to  the  local  geomagnetic  field  vector  during  electron  beam  injections  arc  given 
is  Figure  4  (16)  For  beam  currents  less  than  80  mA  the  temperature  increases  with  increasing 
current  For  higher  currents  the  electron  temperature  is  almost  unaffected  by  the  beam.  For 
these  currents  the  Daughter  payload  is  supercharged  (Ref  Figure  1),  and  the  plasma  near  the 
payload  probably  screens  the  Daughter  potential,  which  means  that  little  energy  "leaks  out”  to 
the  surrounding  plasma. 
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figure  4  Observed  temperature  enhancements  in  the  electron  plasma  at  distances  from  15  to 
25  m  from  the  accelerator  rocket  MAIMIK  as  a  function  of  beam  current  (16) 


Up  to  now  I  have  discussed  how  the  plasma  environment  influences  the  vehicle  charging  in 
the  upper  parr  .4  the  ionosphere.  Further  down,  in  the  E  region  the  interaction  between  the 
beam  of  fast  particles  and  the  neutral  atoms  plays  a  much  more  important  role.  The  effect  of 
the  background  density  of  the  neutral  atmosphere  is  clearly  seen  in  figure  5.  Here  the 
Daughter  potential  is  presented  for  various  beam  currents  as  a  function  of  altitude.  The  results 
ure  based  on  an  eight  chann-.l  Retarding  Potential  Analyzer  of  the  energy  distribution  in  the 
return  current.  Above  150  km  the  vehicle  potential  exceeds  3.2  keV  for  beam  currents  greater 
than  0.32  A,  whereas  a  20  mA  pulse  charges  the  payload  only  to  a  potential  of  less  than  85  V 
even  at  1 80  km.  On  the  other  hand,  below  120  km  the  neutral  atmosphere  is  sufficiently  dense 
to  allow  an  adequate  production  of  secondary  electrons  for  neutralizing  the  accelerator 
payload  even  for  the  highest  beam  current,  which  amount  to  0.8  A. 
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Figure  5  Observed  height  variation  of  the  MAIMIK  potential  during  injection  of  beam 

currents  from  20  to  800  mA.  The  results  are  based  on  an  array  of  eight  Retarding 
Potential  Analyzers  with  fixed  energies  between  12  and  3200  eV 


In  the  previous  paragraphs  we  have  discussed  the  charging  of  a  space  vehicle  which  are 
emitting  fast  electrons.  The  resiprocal  problem  has  also  been  investigated,  i  e  charging  of  a 
vehicle  which  is  bombarded  by  beams  of  fast  (auroral)  electrons.  Gussenhoven  and 
collaborators  (17)  showed  that  a  satellite  may  be  charged  to  several  hundred  volts  in  polar 
region  when  the  background  plasma  density  was  sufficiently  low  (See  Figure  6).  This  finding 
is  in  excellent  agreement  with  results  from  electron  beam  experiments  on  rockets. 
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Figure  6  Observed  variations  in  the  potential  of  the  DMSP  F7  satellite  (lower  curve)  and 
the  background  plasma  density  (upper  curve)  (17) 


LABORATORY  SIMULATION  OF  VEHICLE  CHARGING 

In  order  to  investigate  Gussenhovens  et  al’s  results  in  more  details  a  laboratory  study  has 
recently  been  started  at  the  NDRE  to  simulate  how  an  object  embedded  in  a  beam  of  fast 
elections  is  charged  for  various  background  plasma  densities.  I  will  comment  very  briefly  on 
tome  preliminary  results  from  this  study. 

The  plasma  chamber  consists  of  a  cylinder  with  a  cross-section  of  80  cm  and  a  total  length  of 
some  2  m,  and  the  background  plasma  density  can  be  varied  between  109  and  1012  m"3  by  an 
Argon  Kauffman  plasma  source.  Helmholtz  coils  are  installed  around  the  chamber  to  vary  the 
magnetic  field  between  0  and  1  Gauss. 

Small  objects  (10-20  mm  in  diameter)  of  different  materials  are  installed  in  the  chamber  and 
bombarded  by  fast  electrons  with  energies  between  1  and  20  keV  and  a  currcn*  density  of  a 
few  nA/cm2.  The  beam  is  emitted  in  a  direction  parallel  to  the  cylinder  axis,  and  the 
potentials  of  the  objects  are  monitored  as  function  of  the  beam  current  and  energy, 
background  plasma  density,  magnetic  field  intensity  and  object  material. 
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The  first  results  from  these  studies  indicate  that  the  object  charging  depends  critically  on  the 
background  phsma  density  and  the  material  of  the  charging  object  (Figure  7).  For 
background  plasma  densities  higher  than  10I!  or3  all  the  objects  are  almost  completely 
neutralized  when  exposed  to  a  6  keV  beam  of  electrons  with  a  current  density  of  5  nA/cm2. 


Background  electron  density 


Figure  7  Relation  between  the  charging  of  metal  objects  (15mm  diameter)  and  the 

•unwinding  plasma  density.  The  objects,  which  are  produced  from  different 
metals,  are  exposed  to  a  beam  of  6  keV  electrons  with  a  current  density  of  5 
nA/cm2 
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When  the  density  is  decreased  below  101J  nr3,  the  potential  increases  rapidly,  and  the  | 

aluminum  and  copper  objects  are  charged  to  potentials  up  to  100  V  negative  for  the  same  1 


kctfto: 


|  j  density.  For  other  materials  like  silver  and  gold  the  potentials  are  significantly  lower  for  a 

given  plasma  density.  For  a  background  plasma  density  between  1010  and  10"  nrJ  the 
aluminum  object  is  charged  to  a  potential  which  is  almost  100  times  higher  than  that 
consisting  of  silver.  We  interpret  the  difference  in  terms  of  matcrial-acpcndent  secondary 
electron  production  of  the  objects.  Hence,  vehicle  charging  problems  may  be  reduced  by 
selecting  the  right  metal  surf.,  x. 

We  believe  that  these  studies  may  prove  to  be  a  valuable  tool  for  understanding  how  the 
electron  beam  density  and  energy  and  the  background  plasma  parameters  control  the  vehicle 
charging,  and  we  expect  to  publish  the  first  detailed  results  from  these  studies  early  next  year. 
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DISCUSSION 


M.  BURKE,  US 

In  conducting  the  laboratory  experiments,  the  beam  energy 
should  be  varied.  The  efficiency  of  secondary  electron 
production  depends  on  both  the  surface  characteristics 
and  the  beam  energy.  Below  about  7  keV  the  secondary 
production  exceeds  unity  and  the  DMSP  and  SCATHA  satellites 
never  charged.  Above  this  electron  energy  severe  charging 
was  always  found. 
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ABSTRACT 


The  plan  ning  and  conducting  of  roordif.ated  space  and  ground-based  ion»*phrrir  mtxlifwatkn 
experiments  are  discussed.  Tnc  purpose  of  the**  experiment*  i«  to  investigate  (1)  the  nonlinear  VLF 
wave  interaction  with  the  ionospheric  plasmas,  ,  *d  (2*.  the  nonlinear  propagation  of  VLF  waves  in  the 
HF  modified  kin<*pbere  It  is  expected  tha*  t!  >  fT'-*r  luced  ionospheric  density  strialjons  can  render 
the  nonlinear  n»o<le  conversion  of  VLF  wave*  into  er  hybrid  wave*  D»wer  hybrid  waves  ran  alwi  l>e 
exrited  parametrically  by  the  \'LF  wave*  in  the  absence  of  the  density  *  I  nations  if  the  VLF  waves  are 
intense  enough  laboratory  experiments  are  planned  for  crocschevking  the  results  obtained  from  the  field 
experiments. 

t.  Introduction 

The  abstract  of  this  paper  was  submitted  about  one  year  ago,  responding  to  the  annnunernraf 
tor  the  AGARD  Conference  in  Bergen,  Norway.  At  that  lime  we  were  proposing  coordinated  space  and 
ground-haard  ioooapheric  heating  expenmrnt*  at  Arecibo,  Puerto  Rico  using  the  Soviet  ACTIVE  salrftte 
This  is  a  joint  U.S.-3oviet  Spar*  Plasma  Physic*  Program  sponsored  by  NASA  in  the  United  States.  The 
ACTIVE  satellite,  placed  in  a  high  inclination  orbit  with  it*  perigee  at  the  altitude  of  500  km  and  its 
apergee  at  2.500  kra,  carries  a  V'LF  transmitter  operated  at  frequencies  near  10  KHz. 

Since  December  17.  1989  we  have  carried  out  several  experiments  at  Arecibo  when  the  ACTIVE 
satellite  reached  its  perigee  portion.  The  date*  of  our  experiment*  are:  17,  22,  28  December,  1989  and  12, 
20  March,  1990  Our  Arecibo  experiment*  involve  the  following  group*:  M.C.  Lee  of  MIT  and  his  three 
graduate  students:  K.M  Gnnre*,  K.L.  Koh,  and  C.  Yoo;  USAF  scientists:  W.J.  Burke,  H.C.  Carlson, 
J.L.  Reckscher,  P.A.  Kosaey,  and  E.J.  Weber  at  the  Geophysics  Laboratory;  S.P.  Kuo  of  the  Polytechnic 
University;  L  M  Duncan  and  his  graduate  studen»:  K.  Dighe  *rom  the  Clemson  University;  F.T.  Djuth 
of  the  Aerospace  (Corporation;  M.P.  Sulxer  of  the  Arecibo  Observatory;  and  U.S.  Inan  of  the  Stanford 
University, 

We  will  first  describe  the  setup  aid  scientific  goals  of  the  experiments.  Then,  the  theoretical 
background  and  the  diagnostics  for  the  proposed  experiment*  will  !>e  discussed.  Commerce  nr  the 
experiments  will  be  followed  by  a  brief  description  of  the  planned  laboratory  simulation  of  field  experiments 
at  MIT.  A  summary  will  be  finally  given. 

2.  Active  Experiments  with  the  ACTP/E  Satellite 

Delineated  in  Figure  1  is  the  scenario  of  active  experiments  with  the  ACTIVE  satellite  at  Areribo, 
Puerto  Rice.  The  Arecibo  HF  Heater  first  transmits  radio  waves  vertically  at  a  frequency  (say,  8  MHz)  loa 
than  the  peak  plasma  frequency  in  the  F  rtjjion.  Short-scale  (typically,  meter-scale)  ionospheric  density 
st  rial  ions  can  be  excited  in  a  second,  while  large-scale  (typically,  hundreds  of  meters  and  kilometer-scale) 
density  st nations  are  generated  \n  tens  of  seconds.  Then,  a  VLF  wave  is  launched  from  the  transmitter 
onboard  the  ACTIVE  satellite,  propagating  through  the  HF  modified  ionospheric  region.  The  scientific 
goals  of  these  experiments  are  to  study  the  nonlinear  VLF  propagation  through  the  HF-heated  ionospheric 
region  and  to  investigate  experimentally  the  possible  nonlinear  interactions  of  VLF  wave*  with  ionospheric 
plasmas.  Active  VLF  ware  injection  experiments  have  been  conducted  with  ground-based  t -antmiUrrs 
for  the  study  of  VLF  wave  interaction  with  energetic  charged  particle*  in  the  magnetosphere  [see,  eg, 
HeihwrlL,  1963  and  reference*  therein).  The  possible  interaction  between  VLF  wave*  and  the  ionospheric 
pU*»r>M  received  little  attention.  However,  it  is  shown  theoretically  that  int-mse  lower  hybrid  'am  sod 
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plasma  density  striations  cun  be  favorably  evrited  by  either  injected  or  lightning-induced  VLF  wave*  [tee 
and  Kuo ,  1984].  The  wavelengths  of  the  excited  lower  hybrid  waves  (or  field-aligned  density  striations)  are 
(bund  to  be  a  few  meter*  in  the  lower  ionosphere,  a  few  tens  of  meters  in  the  upper  ionosphere,  and  a  few 
hundreds  of  meters  in  the  magnetosphere  at  L*=4  [tee  and  Kuo,  1984].  Observations  of  VLF  wave-exdted 
lower  hybrid  waves  in  the  ionosphere  were  actually  indicated  in  the  experiments  of  the  Franco- Soviet 
ARCAD  3  satellite  [Derihelier  et  of.,  1982;  t.  R.  0.  Storey  and  F.  Lefcvtxe,  personal  communication, 
1984]  and  others  [e.g.,  Chmyrev  et  a/.,  1976  L  1986]. 

3.  Theoretical  Background 

Distinct  VLF  propagation  effects  in  the  HF  heater  modified  ionosphere  depend  oa  the  scale  lengths 
of  the  HF* induced  ionospheric  density  striations.  A*  elaborated  below,  the  nonlinear  scattering  of  VLF 
waves  is  most  effective  by  short-scale  (meter-scale)  density  striations  [Lee  et  aL  ,  1987;  Groves  et  ml.,  1988]. 
It  is  also  our  intent  to  study  the  VLF  wave  propagation  in  the  presence  of  large-scale  density  striations 
whoae  scale  lengths  are  comparable  to  the  VLF  wavelength  (~-  a  few  hundreds  of  meters  in  the  F  region). 

Foe  simplicity,  the  VLF  wave  transmitted  from  the  ACTIVE  satellite  is  assumed  to  propagates  along 
the  Earth's  magnetic  field  in  a  ducted  whistler  mode,  whose  wave  electric  field  is  represented  by 

&  =  (i  +  ;y)E<,«p[t(kor  -  «„/)]  (>) 

The  HF  heater-induced  ionospheric  density  striations  are  denoted  by 

6n  =  fnexp{?'ty)  (2) 

After  solving  the  equation  for  whister  propagation  in  the  presence  of  density  striations,  the  scattered  wave 
field  is  found  to  change  from  a  rirculaily  polarised  into  an  eHiptieally  polarized  polarization,  viz.. 

it  =  {(*  +  *v)£cp  +  yEtp)  exp[t(*o*  -  <*,*))  (3) 

where  Ecp  and  Eip  designate,  respectively,  the  field  intensity  of  the  circularly  polarized  component  and 
that  of  the  linearly  polarized  component;  they  are  related  by 


where  X  and  Ao  are  the  scale  length  of  the  ionospheric  density  striations  and  the  wavelength  of  the  whistler 
wave,  respectively',  is  the  fractional  density  fluctuations  caused  by  the  HF  heater. 
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W#  ran  see  fn*m  (4)  that  Erj  is  negligible  when  X  <  X»,  tracing  to  a  arm  line*/  mud*  tuwMi 
«ff  eWtrams^jnetir  wave*  into  electrostatic  mode  wave*.  The  wavelengths  of  whistler*  are  at  nrW  4* 
trw  hundred*  >4  meter*  In  the  wm*  sphere  lienee,  the  UK  heater  induced  various,  especially,  tW  *  *V  - 
•cale  dmaity  striations  can  effectively  render  the  nonlinear  mode  convert**)  at  a  VLF  {whirl We)  et<* 
into  an  eirct  rust  stir  (lower  hjbrid)  wave  Then,  the  ar altered  wave  came*  a  large  perpendicular  «iw 
eector  introduced  hr  the  short-scale  density  striations  It  U  ei  pec  ted  that  In  aitu  measurrmrwU  wftfc 
the  satellite- borne  sensor*  will  deter4.  significant  *pectrai  brmrienmg  of  the  scattered  wave  with  a  m^b- 
peaked  spectrum  centered  at  the  earner  frequer. -y  [droves  et  al.,  19«Mj.  The  apectral  broadnuag  of 
injected  monochromatic  VLF  wc*e*  was  rcp<n let!  in  Bell  et  al  [198.T  and  Inan  and  Bel)  jl9fffi|.  Piiaawrl 
msvispheoc  effect*  are  aaaociated  with  the  appearar.ee  of  lower  hybrid  wave*.  11*  lower  hybrid  wwaacran 
accelerate  electron*  effect  >r‘y  along  the  Earth's  magnetic  field  Thii  process  rauae  the  impact  wnMiw 
at  neutral  par^idr*  and  Langmuir  wave*,  leading  In  intenae  airflow  and  a  broad  Height  distributes 
anhanced  plaama  fine*  Tbe*e  expected  ionospheric  effect*  tan  be  monitored  by  radar*  and  an  al  dy 
lma«er. 


We  are  alao  inle-ested  in  the  VLF  (whistler)  propagation  in  the  disturbed  wswwphrre  having Isgp- 
arale  density  at  nation*  Tc  distinguish  it  fmm  the  afi*e  tail!  nonlinear  scattering  pmcea*,  the  HF  hnSer 
should  be  operated  in  f*W  m<*de  Wm£  enough  to  eicite  the  large  scale  density  *1  rial  inns  Then,  turnoff  the 
heater  to  let  the  *hort  scaV  density  striatum*  decay  fur  a  frw  second*  The  position  of  the  ACflVE  mwfttr 
ran  be  distant  from  the  HF  modified  ionospheric  region  H forever,  we  should  mur  sure  that  the  \"LF 
signal,  after  its  transionmpheric  propagation  to  reach  the  ground,  is  detectable  above  the  background  Vi  F 
•case  Several  VLF  recri  k%  will  lie  deployed  on  the  ground  at  the  estimated  footprint*  of  the  trmnaastifd 
VLF  (whistler)  signals 

In  wlditinti  to  the  nonlinear  scattering  process,  the  lower  hybrid  waves  can  be  produced  by  paraartrir 
instabilities  if  the  incident  whistler  wave*  are  intense  enough  [Lee  and  Kuo,  I9M].  The  concerned  physical 
penrraa  involve*  a  fi>ur  wave  interaction  dmrtilied  by  the  LJlowing  wave  frequency  (w)  and  wave  wrU* 
(It)  matching  relations 

*♦  ikt  ^  ik 0*1.  +  *k, 

where  the  subscript*  o.  ♦  /-  and  *  represent  the  incident  whistler  wave,  the  Stokes /anti- Stokes  ci  nip  full 
at  the  lower  hybod  sidrl>a/)da  ami  the  concomitantly  excited  field- aligned  aero- frequency  mode,  nspslwfy. 
The  parametric  instability  Is  rharacterited  by  a  two  dimensional  process  and  the  excited  low-frs^nry 
fide  Is  a  purely  gr*r<*ing  mode  Hence,  both  the  Stokes  and  anti- Stokes  components  of  the  lower  hySnd 
waves  have  *«  be  tdm  into  account  in  the  analysis  of  the  instability.  Further,  whistler  propagation  along 
the  geomagnetic  field  provides  the  most  favorable  symmetric  configuration  for  the  four- wave  interaction 
pmcea*  to  occur 

The  eoncer.wd  instability  is  driven  addilively  by  Ism  types  of  nonlinear  effect  which  are  predfwar* 
m  different  frequency  domains  of  the  whistler  (VLF)  waves: 


(a)  Frequency  domain  1: 


»/l 


<  Wo  <ay 


(5) 


wherein  the  norwwclllatory  beating  current  to  be  the  dominant  nonlinear  effect.  Here  M  (m),  Wo,  c, 
*y  (w*).  Ho,  are  the  inn  (electron)  mass,  electron  thermal  velocity,  speed  of  light,  elecliwa  (ion) 
plasma  frequency,  electron  cyclotron  frequency  and  lower  hybrid  resonance  frequency,  respect  ivdy  The 
threshold  field  Cur  exciting  the  parametric  instability  in  this  frequency  domain  is  found  to  be 


CiA  *  l.J(m/ey,»t,|t)|,/*  (*) 

whm  4  M  Hrfinrd  bj  (1  +  (lf/m)(k./*,)3]/|l  -  ( M/m)(k./k,),{*,/vf.)t]. 


(b)  Frwqurwcy  domain  2: 


ekstsis  the  thermal  pressure  force  to  be  the  dominant  nonlinear  effect.  The  corresponding  thrcAsU field 
has  the  Wowing  fora: 


The  growth  rate*  of  the  instability  are  given  by 

7  -  0  V»/,kJvl/nJ)[Fj  -  1)  for  Ej  «  10 

7  for  E*  >  10  (•) 

where  Eg  is  the  incident  field  intensity  at  the  whistler  wave  normalised  by  the  threshold  Said  sf  the 
iwetability.  Baaed  oo  these  characteristics  of  the  parametric  instability,  the  Wowing  predictions  am  be 
■sdt  for  the  experimental  corroboration. 


FW  of  lit,  unc«  both  Stokes  and  anti-Stokes  component*  of  loner  hybrid  *im  w*  excited,  w* 
•Xpert  that  is  eilj  muumnnU  will  detect  •  epect.eJIjr  broadened  riftrifj  with  peaks  at  X  discrete  eet 
el  fraqueode*  at  both  aide*  at  the  nominal  carrier  frequency  [Grow*  et  a).,  lBSfi),  Secondly,  from  (8): 
fta  «  (l  +  <l//mXV*e)*l/l»  -  (M/m)(k./*.),(<Ve>.),l  and  ((*  It  tfb),  7  «  »},  it  U  clear  that  the 
recitation  al  piaema  mode*  with  larger  wave  number,  k,  (l*.,  email  ecale  length*,  >,)  require*  tower 
threshold*;  coneequently,  the  ehort-ecale  mode*  can  be  quickly  excited.  In  the  upper  ionosphere,  the 
threshold  fields  an  typically  lees  than  1  mV/ra  and  the  growth  rates  art  about  1  Hi  for  £*  ~  30. 

The  excited  lower  hybrid  wares  bar*  a  aero  perpendicular  phaer  vriodty,  because  both  the  Stoke* 
aad  anti-Stokes  components  al  lower  hybrid  ware*  art  excited  eimultaneouely  by  the  parametric  irritability, 
holding  to  tbs  formation  el  a  etandiag  watt  pattern  acroae  the  Earth ’•  magnetic  field.  However,  the  excited 
laser  hybrid  wares  can  propagate  along  'be  Earth ’•  magnetic  field  Prom  the  dispersion  relatione  of  tower 
hybrid  warns  end  whistler*,  we  find  the  (roup  velocity  of  the  lower  hybrid  verts  i*  related  to  that  of 
whistlers  by 

(*%)  ,  ‘  1  (±s\ 

\dk./u,  Jll+{Af7m)(ke/k,)ij  VdW  whxetlert 

If  the  ta-situ  measurements  of  Vl*F  waves  are  emmed  out,  it  ia  expected  that  a  significant  delay  exist*  in 
detect  ion  of  the  whistler  wave  and  the  excited  lower  hybrid  waves.  We  note  that  a  strong  emission  line 
•I  the  lower  hybrid  resonance  frequency  (O^h)  wu  detected  and  the  expected  dele.y  between  the  excited 
Mode  waves  and  the  whistler  pump  wave  was  indeed  observed  in  the  rocket  experiments  during  lightning 
storms  (KeUey  et  al.,  1935;  Liao  et  al.,  1989]. 

It  is  expected  that  the  Retd  intensities  of  lower  hybrid  waves  excited  by  the  parametric  instability  are 
much  greater  than  those  produced  by  the  nonlinear  (mode  conversion)  scattering  process.  Strong  electron 
acceleration  by  lower  hybrid  waves  in  this  earn  may  yield  intense  airglow  (Chemyrrv  et  of.,  1976  &  19S6J. 
CuafMtntfr,  a  wry  brood  height  distribution  of  enhanced  plasma  lines  ran  be  detected  by  radars  /Carlson 
et  at,  1982].  The  growth  time  of  the  instability  can  be  determined  by  varying  the  pulse  duration  and 
muritortag  the  intensities  of  VLF  waves,  air  glow,  and  plasma  lines  recorded  on  the  ground. 

4.  Comments  on  Planning  and  Conducting  of  Experiments 

Based  on  the  nominal  orbital  information  provided  in  the  Research  Announcement  on  the  ACTIVE 
Space  Plasma  Physics  Program  distributed  by  NASA,  an  analysis  of  the  ACTIVE  satellite**  orbital 
characteristics  was  carried  out  to  determine  the  frequency  of  favorable  observing  period*  at  Arecibo.  The 
satellite  performs  about  12.5  revolutions  per  day,  giving  approximately  25  pastes  when  both  ascending 
emd  descending  nodes  are  considered.  Every  five  days,  after  some  62  revolutions,  the  orbital  ground  track 
has  drifted  —  3*  east  and  repeats  the  cycle.  The  result  is  a  fine  sampling  of  longitudes  by  ACTIVE  in 
a  relatively  short  time  period.  The  orbit  simulation  predicts  that  59  passes  would  occur  over  Arecibo 
(18.3*  N.  lat.,  293.4°  long.)  at  elevations  greater  than  45°  in  a  60  day  period,  for  an  average  of  about  one 
Iwnrabte  pass  per  day.  16  passes  were  found  to  be  teas  than  15*  from  smith  over  that  period;  12  of  these 
were  concentrated  in  a  20  day  subset  of  the  60  day  simulation. 

The  simulation*  show  a  relatively  large  number  of  passes  in  the  near  vicinity  of  the  experimental 
site  of  interest.  However,  the  optimum  conditions  for  our  experiment*  require  the  satellite  to  reach  its 
perigee  position  and  overpass  the  Arecibo  430  MH*  radar  beam.  Therefore,  we  only  found  a  few  day* 
appropriate  for  experiments  in  the  past  December  (1989)  and  March  (1990).  The  coordination  for  the 
experiments  was  very  difficult,  stemming  from  the  following  fact:  the  orbits  of  the  ACTIVE  satellite  axe 
easily  affected  by  the  solar  activities  during  this  solar  maximum  period.  The  satellite  ephemeris  has  been 
carefully  monitored.  Nevertheless,  we  were  not  certain  if  the  day  was  good  for  experiments  or  oot  until, 
sometimes,  a  couple  days  before.  Yet,  a  nine-day’s  notice  was  required  for  scheduling  the  dales  for  the 
experiments. 

C round-bated  optical  imaging  measurements  with  the  AFGL  All  Sky  Imaging  Photometer  (ASIP 
U)  were  proposed  as  part  of  the  coordinated  diagnoses  during  the  RF  transmissions  from  the  ACTIVE 
satellite.  Fast  electrons  accelerated  during  these  transmissions  can  cause  impact  excitation  of  various 
spectral  fpeoeg.  Optical  emissions  (artificial  auroras)  from  these  species  can  then  be  detected  by  sensitive 

imaging  systems  to  yield  information  on  the  location,  intensity  and  energy  of  the  electron  fluxes.  For 
instance,  the  excitations  of  the  O  (*D  and  *5)  states  of  atomic  oxygen  axe  nroduced  by  fluxes  of  electrons 
with  energies  exceeding  1.96  and  4.17  eV,  respectively,  and  lead  to  optical  emission*  at  6300A  and  5577A. 
Other  possible  proceaaes  include  excitation  of  the  O  (*P  6P)  (threshold  energy  of  —  9.6  eV  and  radiation 
of  7T74A)  and  N£  (INC)  (threshold  —  18.7  eV  and  radiation  at  4278 A).  Thus,  optical  measurement* 
•t  multiple  wavelengths  can  be  used  to  detect  characteristics  of  the  spectrum  of  accelerated  electrons,  at 
least  in  the  sense  that  several  threshold  energies  have  been  exceeded. 

The  ASIP  employs  a  variable  field  of  view  with  interchangeable  lenses  covering  180°,  90°,  40°,  20°, 
and  12°  foil  field.  A  filter  wheel  rotates  up  to  four  interference  filters  into  the  optical  axis  of  the  images 
by  successive  exposures.  An  image  intensifier  is  used  to  increase  the  gain  followed  by  a  512  y  512  CCD 
(charge-coupled  device)  for  signal  detection.  Scone  unique  aspects  of  detection  of  optical  emission  features 
foam  a  moving  satellite  must  be  considered,  as  compared  to  detection  of  them  same  features  generated 
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by  ft  fixed  ground-baasd  transmitter.  The  ntia  iiffrrmc*  i*  related  to  exposure  time.  F fee  4  ftnri^ 
ftftUBKft  ika  factor  limiting  ths  exposure  time  is  the  motion  of  the  satellite  (the  motion  ct  the  beta  o t 
fteesferatod  efectreew)  none*  the  ASIF  II  detector.  Tor  ft  satellite  at  500  km  perigee,  with  a  aonara* 
salacity  of  7  km/me,  the  satellite  srQJ  change  smith  an^le  at  a  rate  at  .t5*/aee  near  the  bon  am  and  jo 
to  -  Mtfmc  Bear  the  fteto'h.  Assuming  a  40*  fir’d  at  view  fear  and  that  500  CCD  pixels  are  readabk 
Car  the  liege,  maximum  exposure  times  are  only  .01  sec/pixd  Bear  the  smith  and  .53  sec/ptxd  near  the 
korieon.  Pbr  180*  Arid  at  view  lens,  whose  time*  Inerteee  to  .45  erac/ pixel  and  2.4  sec /pixel,  respsctively. 
Thus,  spatial  resoJatioa  U  sacrificed  (fir  longer  erposure  tin**  with  the  150*  lene.  A  dark  background 
is  aided  Cor  thd  optical  meaaurttrierzfs  at  RF  induced  ionorphoric  effects.  Unfortunately,  mod  sateFile 
yen  fcr  expert  mr-fts  a*  A  red  ho  occurred  in  late  afWnoon  or  early  evening  when  the  aky  was  dill  quite 
Wight. 

Ground- baaed  VT?  [crriwm  were  need  to  monitor  the  aignaJ  transmitted  from  the  orbiting  ACTIVE 
ftfttotSto.  Doppler  ahiftiug  at  the  sigcal  frequency  due  to  the  orbital  velocity  (of  the  order  of  7800  m/i) 
and  todhttioc  (83  *)  la  small  (of  the  order  of  i0.23  Hs)  and  depends  on  the  direction  at  l be  observer 
wlilha  to  the  saieffiU  motion  Thu  a,  the  receiver  should  have  a  bandwidth  of  at  Wat  400  Ha  »  order  to 
record  the  transmitted  signals.  Ideally,  a  receiving  system  might  consist  of  two  orthogonal  loop  intones, 
each  boding  a  low- noise,  400  Hi  bandwidth  amplifier/recdwr  wboae  output  voltage  is  downeonverted  to 
toeahsnd;  the  t«m  output  Wts^cs  are  sampled  simultaneously  (both  in-phase  and  quadrature  phase)  and 
digitally  stored  in  ©ocr.puter  memory  at  a  reie  sufficient  to  inture  no  aliasing  occurs  (>  800  Hi)  The 
m—4  loops  allow  the  determination  of  direction  of  arrival  of  the  signals  (but  have  ±180*  ambiguity),  fai 
Ns  seconds,  1800  samples  will  have  been  recorded,  so  an  800  point  discrete  Fourier  transform  (DFT)  can 
he  calculated  lor  the  400  Ils  bsnd,  tasit  pcfrd  separated  by  0.5  Hs.  In  effect,  the  two  second  integration 
has  airman  il  the  bandwidth  from  400  TLx  to  0  5  R)  and  improved  the  SNR  by  22  d B.  Should  a  greater 
SNR  he  required,  longer  btc^rtlicn  time*  could  be  used,  but  the  time  resolution  of  the  satellite  signals 
would  he  oosreepoocfirgly  coarsrr. 

TVs  portable  EFT  computing  spectrum  analysers  (Nieolet  Model  448),  delpoyed  at  Aredbo  to 
■ndtor  the  tranrenitted  VLF  waves,  provide  distal  sampling  of  the  VLP  signals.  These  spectrjm 
— alyn  have  seJeeUble  binds  of  10,  50,  100,  500,  IK,  2K,  10K,  or  20K  Hs  wide.  They  calculate  a 
800  poire  spoctnim  from  1024  lime  samples  The  nominal  bandwidth  is  1/400  of  the  frequency  range;  for 
a— pto,  if  the  500  Hs  bend  it  cPioscn,  each  spertnd  point  is  separated  by  500/400  Hi  *  1.25  Hi.  Other 
i—tnrwrnt  features  Include  several  averaging  modes,  such  ae  selection  of  number  of  spectra  avenged,  sod 
various  AgitaJ  outputs. 

Wsksee  act  succeeded  in  reccovd’tig  transmitted  VLF  signal*  yet.  The  satellite- borne  transmitter 
WH  operated  in  ona-secood  on  and  one- second  off  mode  for  the  experiments.  It  took  about  half  a  second  lor 
tot  satellite  to  more  across  the  radar  beam.  It  was  likely  that  the  signals  h appended  to  be  not  transmitted 
when  the  satellite  peeeed  over  A  red  bo.  Another  possibility  was  that  the  transmitted  signals  were  so  weak 
thfti  thsy  could  act  bs  diatiguished  from  the  background  noise.  This  possibility  arises  from  the  feet  that 
toe  ACTIVE  satellite  is  unfortunately  not  working  as  originally  planned.  The  power  Input  to  the  ssUmta, 
ptoaa4  to  to  10  kW  (with  80  A  of  current  into  the  antenna),  was  reduced  by  two  orders  of  magnitude. 

It  aasBM  sslihly  to  produce  nonlinear  ionospheric  effects  with  this  weak  VLF  transmitter.  Ws  tows 
planed  <frfferT*at  schemes  to  conduct  Area  bo  expo- meets.  In  our  recent  experiments  performed  in  lats 
Mag  • mi  ariy  Ji  (18110),  we  concentrated  oo  the  radar  diagnoeis  of  the  near  field  effects  of  the  VLF 
ftrenaifetar.  Sams  interesting  phenomena  were  otoerred  and  the  data  are  currently  being  analysed  by 
the  tton  MTT  graduate  students:  K.M.  Groves,  K.L.  Koh,  and  C.  Yoo.  The  results  will  to  reported 
H  re  tori  sfes  later. 

i  Nasaad  Laboratory  Simulation 

A  toft  experimental  plasma  device  called  the  Versatile  Toroidal  Facility  (VTF)  is  <vn«sUj  ssder 
nwrirsrtiisi  at  the  MTT  Plasma  Fusion  Center.  The  construction  materials  have  been  taken  from  the 
dlwnreiuiMid  MTT  Thra  mirror  machine  and  the  I5X-B  fusion  device  of  the  Oak  Ridge  National  Laboratory. 
It  is  a  student- pcwvred  project  b  the  sense  that  it*  construction  involves  fire  graduate  students  and  treaty 
itogi  ailante  students  Shown  b  Figure  2  is  the  cross  sectional  view  of  the  VTF  device.  This  plasma 
device  toe  18  toroidal  field  (TF)  coils  and  48  large  side,  top  and  bottom  ports  providing  access  fcr  probes 
throughout  the  p1**1"*  volume  for  measurements  of  turbulent  density  fluctuations,  plasma  waves,  and  bulk 
parameters  such  as  electron  temperature  and  density.  TVs  construction  of  the  VTF  is  near  completion 
mi  the  first  plasmas  will  be  produced  shortly.  The  main  purpose  of  constructing  this  VTF  device  is  to 
mifart  laboratory  study  of  nonlinear  ware  propagation  and  interaction  with  magnetopUsmas,  simulating 
IsU  apse  Inerts  [Lee  and  Parker,  1800). 

Tto  VTF  device  can  generate  steady-state  plasmas  which  are  radially  inhomogeneous  but  quite 
—it  n-m  along  the  axial  direction.  It  is  projected  that  preliminary  experiments  to  characterise  the  plasma 
will  to  carried  out  this  summer.  Schematically  illustrated  m  Figure  3  are  plasma  density  (5f0),  magnetic 
field  intensity  (B0)t  sad  the  fractional  density  fluctuation  (^*)  re  a  function  of  radius  (/T  m  VTF. 
Tto  plasma  density  profile  is  controlled  by  variation  of  location  at  the  cyclotron  resonance  layer.  Tto 
maCBStic  field  decreases  inversely  with  radhie.  Tto  plasma  density  fluctuations  remain  approximately 
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ri|«r«  I.  rum  Uaitty(tl),  micatle  (UU  lstaaslcyd), 
mi  fractional  density  fluctuation* ( L  M/M>  m 
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constant  throughout  the  device.  However,  since  plasma  density  drops  sharply  near  the  wall,  the  fractional 
density  fluctuation*  range  from  a  few  percent  at  the  center  to  nearly  fifty  percent  near  the  wull.  These 
laboratory  plasmas  with  inherent  density  fluctuations  can  simulate  the  disturbed  ionospheric  plasmas  for 
the  concerned  nonlinear  wave  propagation  and  interactions.  Further-  the  near  field  effects  of  the  VLF 
transmitter  can  he  conveniently  studied  with  this  large  plasma  device. 

6.  Summary 

Planning  and  conducting  of  coordinated  space  and  ground-based  ionospheric  modification  expert- 
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•MU  aft  Aredbo,  Puerto  Rico  in  discussed.  Although  several  experiments  were  earned  out  at  A  red  bo 
la  tbs  past  December  (! J69)  and  March  (  1900),  we  have  not  got  significant  mulls  yet.  We  realise  that 
tbs  ACTrVE  satellite  is  not  working  aa  originally  planned.  Therefore,  we  have  already  planned  after- 
•alive  schemas  foe  the  proposed  erperimerta.  Some  Interesting  phenomenv  were  seen  In  the  May  Jane 
(1900)  experiments.  The  results  will  be  reported  after  we  accomplish  the  data  analysts  and  interpretation 
Laboratory  simulation  of  the  field  experiments  rill  be  conducted  with  the  new  Versatile  Toroidal  Facility 
(VTP)  aft  MIT.  The  croaacheck  of  the  results  obtained  fictn  the  'aboratory  and  field  experiment#  wil  be 
conducive  to  the  understanding  of  the  concerned  nonlinear  wave- plasma  infractions. 
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a.  ■.  mu,  o* 

1)  xonoepheric  electric  flald  amplitudes  of  1-5  aV/a  lit  not  unreaaonabla  overhead 
major  nr  transmitters,  having  uw  radlatad  power. 

])  At  far  aa  tha  ASTXV  satellite  la  concerned,  tha  power  Input  to  the  ent.enna  was 
plannad  to  ba  10  k»,  with  (0  a  of  currant  Into  tha  anter.na.  Tha  physical  fact  la 
that  tha  currant  la  down  by  a  factor  of  10  to  0  A.  nobody  really  knows  what  tha 
radiation  affioiancy  la,  so  It  doas  not  aaka  too  such  Sanaa  to  talk  about  radlatad 

powsr. 

AOmW'J  RBK.T 

1)  Taa,  wo  expect  that  powarful  ground-based  VLF  tranaaittars  can  axcita  lowar 
hybrid  wavsa  via  tha  proposed  instability  mechanism. 

1)  Thank  you  for  this  coaaant  to  clarify  Dr.  telrosa'a  questions  regarding  tha  input 
power  to  tha  antenna  and  tha  radiated  power. 

Kjpunn,  no 

ta  tha  nr  wava  tuned  to  nearly  tha  local  2H  frequency  of  tha  perturbed  bottom-side 
lonoaphsric  plasaa? 

Aram's  MH7 

Vo,  the  wavs  frequency  of  tha  Incident  VLT  wava  is  10  kHt,  while  tha  lowar  hybrid 
resonance  frequency  In  tha  ionosphere  ia  S  kHx  or  so.  However,  tha  nr  wava 
frequency  is  within  tha  wave- frequency  range  of  tha  lowar  hybrid  wavaa.  Banco,  if 
tha  nr  wava  la  intense  enough,  lower  hybrid  wavaa  can  be  parametrically  excited. 
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WAVt-rAJmcu:  wteractions  associated  wtth  VLF  tkan 5 mitte ks. 
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SUMMARY 

Wave-particle  and  wnve-wave  interactions  associated  with  VLF  ground-based  transmitten  are 
reviewed.  The  topics  covered  indude:  particle  precipitation,  amplification  and  triggering  of  new 
emissions,  and  excitation  of  resonant  frequencies. 


L  INTRODUCTION 

Numerous  VLF  ground-based  transmitter*,  operated  between  3  and  20  kHz,  have  been  set  up  all 
over  the  world,  mainly  for  the  purpose  of  radio-navigation.  They  are  known  to  induce  wave-particle 
and  wave-wave  interactions  within  the  ionosphere  and  the  magnetosphere.  The  aim  of  the  present 
paper  is  to  give  a  short  overview  of  those  interactions. 

Many  advances  in  the  understanding  and  in  the  discovering  of  new  phenomena  are  due  to 
controlled  wave-injection  experiments  Most  of  them  have  been  conducted  from  the  Siple  antenna  [1 
and  references  therein],  but  other  active  experiments  have  also  produced  key  results  [2  -  8].  At  the 
present  time,  a  set  of  new  phenomena  is  induced  by  the  powerful  Alpha  transmitters  located  in  the 
USSR  [9  -H]. 

In  the  following  the  phenomena  are  gathered  into  three  classes:  particle  precipitation,  amplification 
and  triggering  of  new  emissions,  and  excitation  of  resonant  frequencies  in  the  medium.  Phenomena 
aidi  as  the  quenching  of  natural  emissions  by  a  VLF  transmitter  are  excluded  from  the  present  review. 


2.  PARTICLE  PRECIPITATION 


2.1  Obsexvatwns 
Electron  precipitation 

So me  of  the  first  indications  of  wave-induced  precipitations  of  radiation-belt  electrons  were 
obtained  by  observing  secondary  effects  of  electron  precipitations,  such  as  X  rajs,  enhanced  D-region 
ionization  and  optical  radiation  [12,  13], 

Direct  evidence  of  partide  interactions  with  man-made  waves  was  provided  by  observations  of  the 
energy  spectra  of  electrons  in  the  drift-loss  cone  [14  -  16].  Observations  of  modulated  precipitations 
of  electrons  in  the  bounce-loss  cone  were  made  during  Stimulated  Emission  of  Energetic  Particles 
(SEEP)  experiments  [17,  18].  Two  main  features  characterize  the  energy  spectra  of  precipitating 
dectrons.  First,  peaks  have  central  energies  that  decrease  with  increasing  L  shell  (electrons  above  100 
Kev  at  L  $  2  and  below  1  Kev  at  L  >  25).  Second,  the  width  of  those  peaks  is  very  narrow  (less  than 
10%  of  the  central  energy). 


Proton  pndp&tion 

Few  observations  of  protons  precipitations  by  man-nude  waves  have  been  reported  [20  •  21;  27]. 
They  coorern  the  energy  range  50  -  530  Kev. 
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The  Doppler-shifted  resonance  of  a  whistler-mode  VLF  wave  is  generally  considered  as  being 
responsible  for  the  precipitation  of  energetic  particles  [28],  The  mechanism  U  known  to  work  with  non¬ 
coherent  (ELF/VLF  hiss)  u  well  as  with  coherent  ^whistlers,  ELF/VLF  chorus)  natural  emissions. 
There  is  no  fundamental  difference  with  artificially  injected  coherent  waves. 

The  gyroresonance  condition  is  written 

KV  ■  NO  (1) 

where  u  is  the  Doppler-shifted  frequency  of  the  wave,  K  is  the  wave-normal  vector,  V  is  the  electron- 
resooant  velocity,  N  b  an  integer  and  Q  is  the  particle  gyrofrequency. 

In  the  case  of  electrons,  0  is  equal  to  the  electron  gyrofrequency  Qt .  Most  authors  consider  that 
the  only  active  resonance  is  the  first-order  cyclotron  resonance  ( N  ■  1),  which  is  known  to  be  more 
efficient  m  the;  equatorial  region  and  for  K  vectors  parallel  to  the  earth  magnetic  field  A  dotting 
of  the  wave  requires  H  <  D,  /2  all  along  die  field  line;  then  equation  (1)  implies  that  resonant  electrons 
move  opposite  to  the  wave-propagation  direction. 

As  a  result  of  the  interaction  a  pitch-angle  change  is  induced  by  the  wave.  The  electrons  are  moved 
into  the  bounce-toss  cone.  After  one  or  several  bounces,  depending  on  the  characteristic  parameters 
of  the  partide  and  of  the  altitude  of  the  mirror  points,  the  electrons  are  precipitated 

Onu  generally  uses  equation  (1)  to  estimate  which  resonant  electrons  may  interact  with  a  given 
wave  frequency  at  given  L  value.  It  allows  for  instance  to  show  an  L  dependency  that  is  in  agreement 
with  roost  experimental  observations.  An  exception  was  noted  by  Kovrazkin  et  aL,  [20,  211  on 
AUREOL-3  data.  For  those  particular  observations,  the  authors  suggest  a  Landau  (or  Cerenkov) 
resonance,  obtained  by  setting  N-0  in  equation  (1).  Such  a  resonance  could  be  more  efficient  out  of 
the  equatorial  plane  [29]. 

At  first  sight  the  problem  of  the  VLF-wave-induced  precipitation  of  protons  is  more  difficult  to 
solve.  It  seems  impossible  for  a  VLF  frequency  to  match  the  proton  gyrofrequency.  Now,  Shkylar  [30] 
made  two  very  important  remarks.  First,  wave  propagation  at  large  9  values  (with  9  ■  (  K ,  B,))  allows 
equalities  of  the  form  « **  Q?  cos$,  with  0,  the  proton  gyrofrequency.  Second,  as  distances  in  velocity 
space  between  different  resonance  modes  (different  N  values)  are  very  small,  multiple  resonances  may 
be  taken  into  account 
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A  complete  understanding  of  the  electron  precipitations  requires  understanding  of  the  following 
points: 

(a)  the  L  dependency  of  the  energy  spectra  of  the  precipitating  electrons  in  the  drift  toss 
cone; 

(b)  the  relationship  between  the  flux  of  precipitated  particles  and  the  power  if  the 
transmitted  VLF  waves; 

(c)  die  narrowness  of  the  peaks  in  energy. 
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Seven]  simulations  of  the  first-order  cydctron  resonant  interaction  of  energetic  electron  and 
coherent  VLF  wave*  were  carried  out,  based  on  motion  of  a  resonant  electron  into  the  potential 
trough  of  a  wave.  The  motion  is  established  by  superimposing  the  adiabatic  motion  of  the  particle  in 
the  ahaence  of  the  wave  to  the  Loren  tz  force  equation.  It  is  written  [31]. 
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with  V,  and  V,  the  parallel  and  perpendicular  electron  velocities,  e  and  m  the  charge  and  mass  of 
die  electron,  B,  the  modulus  of  the  wave  magnetic-field  vector,  and  t  the  complement  of  the  angle 
between  the  electron's  peipendicular  velocity  (Vi)  and  B„ .  A  flux  of  precipitated  electrons  is  obtained 
by  computing  for  a  full  distribution  of  particles  the  wave-induced  changes  AV„  and  AVt ,  and  so  the 
pitch-angle  scattering  ever  the  time  intervals  where  the  resonance  condition  (1)  is  satisfied. 

The  computer  simulation  approach  used  by  Inan  et  a!.  [32]  is  based  on  the  approximation  cf  the 
full  distribution  of  particles  by  test  electrons  appropriately  distributed  in  energy’  and  pitch  angle.  It  was 
extended  by  Chang  and  Inan  [33]  to  the  quasi-rela t  ivist ic  electrons  (>  50  Kev).  The  results  are  in 
agreement  with  the  measured  energy  spectra  of  the  precipitated  electrons. 

An  important  concept  developed  by  Ecspalov  and  Trakhtengerts  [34]  and  Trakhtengerts  [35]  has 
been  recendy  reviewed  by  Vilialon  et  al.  [36].  It  supposes  that  a  maser  instability  is  produced  by  the 
interaction  of  a  hot -electron  population  (>  40  Kev)  with  first-order  cyclotron  waves  near  equatorial 
regions,  and  that  diffusion  occurs  over  time  scales  that  are  longer  than  particle  bounce  times  and  the 
group-time  delays  of  the  waves.  The  resonant  part  of  the  energetic  particle’s  distribution  functions  is 
described  within  the  framework  of  a  quasilinear  theory.  The  equatoriaiiy  generated  waves  may  be 
partiaDy  trapped  between  the  two  hemispheres,  the  reflection  coefficients  at  the  top  of  the  ionosphere 
being  possibly  increased  by  heating  the  foot  of  the  flux  tube. 

A  full  distribution  test-partide  simulation  was  carried  out  to  determine  the  precipitated  electron 
flux  that  would  be  induced  by  a  Lar.dau  resonance  interaction  [37],  It  is  shown  that  for  typical 
parameters  the  resulting  precipitation  fluxes  are  much  smaller  than  these  induced  in  a  gyroresonance 
interaction. 


3.  AMPLIFICATION  AND  TRIGGERING  OF  NEW  EMISSIONS 


3.1  Omexvatiow 

The  existence  of  triggered  emissions  was  discovered  accidentally  by  HelliweD  et  aL  [38]  during  the 
examination  of  natural  events.  New  emissions  (risers,  fallen  and  hooks)  were  triggered  by  dashes  in 
man-made  Morse  code  signals,  transmitted  from  the  NPG  (18.6  kHz)  and  NAA  (14.7  kHz)  stations. 
A  few  years  later,  Kimura  [39]  discovered  that  new  emissions  were  also  triggered  by  the  omega  (10.2 
life)  signals,  although  much  less  power  was  transmitted  ( 100  W  instead  of  1  MW  for  NAA).  Some  of 
time  new  emissions  were  preceded  by  intensification  in  the  signal,  but  amplification  of  the  order  of 
10  dB  was  observed  in  the  absence  of  triggering  Since  that  time  numerous  observations  have  been 


made,  particularly  from  the  Siple  controlled-' VLF-wave-uijectioc  experiment  [1,41, 42].  Signal  growth 
was  observed  to  be  as  much  as  30  dB.  A  triggering  occurs  above  a  given  threshold.  Reviews  of  the 
observations  can  be  found  in  [1,  39,  42,  43,  44].  Surprisingly,  similar  phenomena  have  never  been 
detected  in  laboratory  plasmas. 
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The  bask  physics  were  reviewed  by  Matsumoto  [45].  The  motion  of  an  electron  in  a  whistler  wave 
it  given  by  the  set  of  equation  (2).  Due  to  the  mirror  force,  |  Vg|  increases  as  the  electron  travels 
along  the  geomagnetic  field  toward  the  equator.  At  a  given  point,  called  the  first  resonance  point,  it 
satisfies  [  V,j  ■  ]V,|.  Then,  depending  on  its  initial  phase  value,  it  may  be  trapped .  Here,  a  trapping 
means  that  tne  phase  oscillation  of  the  electron  is  bounded.  Under  certain  conditions,  established  by 
Helliwell  and  reformulated  by  Nunn,  a  trapped  electron  can  stay  in  resonance  even  in  an 
inhomogeneous  magnetic  field.  A  detrapping  occurs  when  the  electron  moves  away  from  the  equator 
and  encounters  the  second  resonance  point  where  |  V„|  ■  |V„|.  An  untrapped  electron  continues  to 
be  accelerated  by  the  mirror  force  till  its  meet  the  equatorial  plane,  beyond  which  it  decelerates.  Such 
behaviour  is  easily  understood  from  computer  simulation  studies  [46].  When  many  resonant  electrons 
are  taken  into  account,  several  of  them  may  be  phase  bunched  around  a  certain  angle.  The  phase- 
bunching  concept  has  been  used  for  a  calculation  of  a  nonlinear  current  in  many  works  [45  and 
references  therein,  47, 54] 

Several  theories  have  been  proposed  to  explain  the  triggered  emissions.  Maw  authors  refer  to 
insta’-ilities  caused  by  a  distorted  velocity-distribution  function  of  resonant-electrons  after  the 
interaction.  As  an  example  Roux  and  Peliat  [54]  suggested  that  a  hole  or  a  beam  in  the  spatially 
averaged  velocity  distribution  is  created  by  the  presence  of  untrapped  and  suddenly  detrapped 
electrons  at  the  end  of  the  interaction  zone.  Other  authors  stressed  the  importance  of  the  nonlinear 
current  associated  with  the  phase  bunching.  In  order  to  explain  a  self-sustaining  exponential  growth 
of  triggered  emissions,  HeDiwell  and  Ctystal  [47]  and  later  Helliwell  and  Inan  [48]  proposed  to  indude 
a  feedback  effect  between  the  simulated  emissions  and  the  incoming  resonant  electron.  They 
constructed  a  model  where  the  interaction  region  is  treated  like  an  unstable  feedback  amplifier  with 
•  delay  line. 
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A  list  of  features  of  artificially  stimulated  emissions  that  theory  should  explain  is  given  in  [45],  It 
has  been  recently  rephrased  and  completed  in  [52].  To  summarize,  numerical  simulation  studies  may 
be  consistent  with: 

(a)  the  observed  triggering  signals  (narrow  bandwith,  duration,  threshold) 

(b)  the  observed  growth  rate  and  the  conditions  for  the  termination 

(c)  the  observed  triggered  signal  (frequency/time  variations) 

(d)  the  geomagnetic  periods  of  most  active  triggering 

At  the  moment,  no  simulation  has  been  able  to  reproduce  all  the  above  characteristics.  However, 
each  one  brings  new  items  of  information.  As  examples,  three  studies  will  be  considered. 

In  a  computer  simulation  based  on  the  interaction  of  a  coherent  wave  propagating  along  an 
homogeneous  magnetic  field  and  counter-streaming  high-energy  electrons,  Omura  and  Matsumoto 
[49]  demonstrated  that  a  rising  tone  is  caused  by  detrapping  of  phase-bunched  electrons. 

A  kinetic  theory  has  been  used  by  Molvig  et  aL  [52]  to  simulate  the  triggering  of  whistler  emissions 
but  only  fallen  are  produced.  The  emission  process  requires  an  inverted  population  in  the 
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perpendicula r  velocity-distribution  function,  sufficient  amplitude  for  trapping  in  the  tryrring  sgnal, 
•ad  sufficient  density  k  the  resonant  portion  of  the  distribution  function  such  that  the  dives  current 
can  offset  ccrrvectioa 

Numerical  aimulationi  were  recently  performed  by  Nunn  (331  using  a  Vlasov  hybrid  amulatioo 
technique.  The  partiJe  population  is  described  is  a  continuous  Vlasov  Quid  in  phase  apace.  It  was 
found  that,  provided  the  linear  growth  rate  erasers  a  minimum  of  about  80  dP/i  any  initial  pulse  that 
ia  long  enough  and  reaches  nonlinear  amplitudes  b rj  the  time  it  reaches  the  equator  w31  trigger  a  riser 
with  the  tame  sweep  rate.  For  a  narrow-band  emission  the  rate  of  change  in  frequency  is  due  to  tn 
active  term  corresponding  to  the  detrap, >ng  of  electrons  and  to  an  inhomogeneous  term.  For  a 
broader  btndwith  the  frequency  appears  to  rise  due  to  successive  generation  of  the  next  upper 
sideband. 


4.  excitation  of  resonant  frequencies 
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Signals  Injected  from  ground-based  VLF  transmitters,  operated  between  10  and  13  kHz,  are 
commonly  observed  to  broaden  as  they  traverse  the  ionosphere  [33,  58,  lOj  and  the  magnetosphere 
(39]  at  Lvalues  smaller  than  3.  The  expansion  of  the  tnr.d  ,v:th,  which  results  m  a  proportional  increase 
in  signal-to-noise  ratio,  may  be  as  large  as  1 %  of  the  carrier  frequency.  The  transmitted  frequency 
teems  to  be  always  above  the  locnl  lower  hybrid  frequency.  The  rssture  of  the  broadening  is  thought 
to  be  electrostatic 

From  time  to  time,  sidebands  at  and  are  observed  around  the  transmitted  frequeray  u,  [10, 
60]  with  similar  amplitudes.  Bicoherence  analyses  performed  on  several  observations  made  by  the 
AUREOL-3  satellite  have  demonstrated  that  phase  relationships  existed  between  the  transmitted 
frequency  -  12kHz,  eah  side  band,  and  a  natural  emission  observed  at  u.  -  500Hz.  The  last  is  the 
frequency  distance  between  the  transmitted  frequency  and  each  side- band  [10,  11). 

Acceleration  of  H\  He*  and  O*  ions,  accompanied  by  enhancement  of  natural  VLF  emissions 
(around  4kHz),  have  been  observed  cn  COSMOS- 1809  in  association  with  injections  of  a  coherent 
wave  from  a  powerful  VLF  transmitter  operaied  at  19.1  kHz  [9j.  A  possible  interpretation  consists  in 
a  parametric  decay  of  the  transm  tied  wave  into  a  lower-hybrid  frequency  and  electrostatic  ion- 
cydotron  waves;  the  two  produced  waves  are  generally  considered  as  good  candidates  to  accelerate 
ions  (61} 

Other  observations  suggest  stimulations  of  geomagnetic  pulsations  in  the  0.008  - 1.0  Hz  range  [62], 
and  enhancements  of  ELF/VLF  waves  [63]  from  powerful  ’TF  ground-transmitters. 
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The  common  denominator  of  the  above  observations  is  the  excitation  of  a  resonance  frequency, 
and  more  specifically  of  the  lower-hybrid  frequency. 

Several  authors  [55, 60, 64]  suggest  that  higji-amph'tude  electrostatic  waves,  with  a  lower  frequency 
cut-off  at  the  lower  hybrid  resonance,  are  excited  by  electromagnetic  VLF  whistler-mode  waves 
propagating  trough  regions  of  the  ionosphere  and  magnetosphere  where  magnetic-field-aligned  piasms- 
density  irregularities  exist  A  theoretical  model,  based  upon  passive  linear  scattering  in  a  cold 
magnetoplasna,  has  been  developed  by  Bell  and  Ngo  [64]  while  Groves  et  aL  [65]  proposed  a 
nonlinear  scattering.  Several  hypotheses  were  put  forward  on  the  origin  of  the  plasma-density 
inregularitiea,  but  those  irregularities  have  never  been  seen  at  the  L  values  where  the  interactions  take 
place,  and  particularly  by  the  AUREOL-3  high-time-resolution  plasma  measurements  [66]. 


2*4 


Independently  of  any  qpcrimeatsl  data,  Ri^gin  «nd  Kdky  [67]  Migrated  that  VLF 
jonad-transnilitai  could  produce  an  iastability,  considered  u  a  three-wave  interaction,  in  which  the 
transmitted  wive  decay*  into  a  lower  hybrid  wive  and  an  ion  acotuik  type  of  oscillation.  If  the 
trauffiitted  wive  has  a  frequency  u,  and  wave  number  K, ,  that  conservation  of  energy  and 
momentum  requires  that  the  decay  waves  obey. 


*  -  *i  ♦  *■»  &+) 
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A  similar  model  was  used  by  Chmyrw  et  aL  [61]  to  cqplafn  the  CC3MOS-1809  observations. 
However  Lee  tad  Kuo  [63]  and  Groves  et  aL  [65]  have  shown  that  a  four-wave  parametric  faateblUty 
is  more  likely,  sboa  it  has  a  lower  threshold  and  is  more  consistent  with  the  symmetric  ride-bands 
observed  on  satellites. 


In  tbs  two  cases,  die  lower  hybrid  waves  so  catted  have  Urge  wave  vectors.  A  broadening  is  the 
result  of  the  Doppler  effect  produced  by  the  movement  of  the  satellite  in  the  medium. 

AUREOL-3  sidebands  being  produced  at  frequencies  mult  higher  than  the  lower  hybrid-resonance, 
a  model  has  been  developed  by  Sctn&cv  et  tl  [69]  based  on  the  endiatioo  of  sidebands  due  to  non¬ 
linear  coupling  between  a  VLF  transmitter  signal  and  a  natural  ELF  emission. 

At  the  present  time  no  numerical  ahnulation  is  available. 


fiffEB&BCSa 


Hefliwe3,  RA,  VLF  wave  stimulation  experiments  in  the  magnetosphere  from  Siple 
Station,  Antarctica,  Rev.  Geophys.,  26,  331,  1933. 

Likhter,  Y.I,  OA  Molchanov,  V.M.  Chmyrev,  Modulation  of  spectrum  and  amplitude  of 
low-frequency  signals  in  the  magnetosphere,  Pisma  Zh.  Teor.  Fit  (JETP  Lett 14,  475, 

1971. 

Koons,  H.C,  and  M.H.  Dazey,  Transportable  VLF  transmitter,  in  ELF -VLF  Radio  Wave 
Propagation,  edited  by  J.  Hdtet.  D.  ReideJ,  Hingham,  Mass.,  1975. 

Chmyrev,  V.M.,  V.K.  Roldugin,  IA  Zhulin,  M.M.  Mogilevsky,  V.I.  Di,  V.K.  Koshelevsky, 
VA  Bntshmarin,  and  O.M.  Raspopov,  Artificial  injection  of  very  low  frequency  (VLF) 
wives  into  the  ionosphere  and  the  magnetosphere  of  the  Earth,  JETP  Lett,  23, 409, 1976. 

Dowden,  R.L,  AC  McKey,  L.ES.  Amon,  H.C  Koons,  and  M.H.  Dazey,  Linear  and 
nonlinear  amplification  in  the  magnetosphere  during  a  6  6-kHz  transmission,  /  Geophyt 
Ret,  *3,  169,1978. 

Koons,  H.G,  B.C.  Edgar,  and  AL  Vampola,  Precipitation  of  inner  zone  electrons  by 
whistler  mode  waves  from  the  VLF  transmitters  'JMS  and  NWC,/  Geophys.  Ret,  86, 640, 
1961. 

Dazty,  M  IL,  and  H.C  Koons,  Characteristics  of  a  power  line  used  as  a  VLF  antenna. 
Radio  Science,  17,  589,  1932. 

Gamier,  M.,  G.  Girolami,  H.C  Koons,  and  M.H.  Dazey,  Stimulated  wave-particle 
interactions  during  high-iatitude  ELF  wave  injection  experiments,  /  Geophyt  Ret,  87, 

2347,  1982. 

Dihordzhio,  N.V.,  M.M.  Mogilevski,  V.M.  Chmyrev,  RA  Kovrazhkin,  OA.  Molchanov, 
YJ.  Galperin,  J.M.  Boske,  and  J.L  Roche,  Acceleration  of  ions  in  the  plasr.ia 
environment  of  the  Earth  by  the  radiation  from  a  low-frequency  transmitter  on  the 
ground,  JETP  Lett,  46,  405,  1987. 

Tanaka,  Y,  D.  Lagoutte,  M.  Hayakawa,  F.  Lcfeuvre,  and  S.  Tajima,  Spectral  broadening 
of  VLF  transmitter  signals  and  sideband  structure  observed  on  AUREOL-3  satellite  at 
mkkSe  latitudes,  J.  Geophyt  Ret,  92,  7551,  1987, 

Lagoutte,  D,  F.  Lefeuvre,  and  J.  Hanasz,  Application  of  biocoherence  analysis  in  study  of 
wive  interaction  in  space  plasma,  /  Geophyt  Resn  94,  435,  1989. 

Roaenberg,  TJn  RA  HelliweU,  and  J.P.  Katsufrakis,  Electron  precipitation  associated  with 
discrete  very-low-frequency  emissions,  /  Geophys.  Ret,  76,  8445,  1971. 

HefliweD,  RA,  S.B.  Mende,  JJI.  Doolittle,  W.C  Armstong,  and  D.L  Carpenter, 
Correlations  between  4278  optical  emissions  and  VLF  wave  events  observed  at  L-4  in 
the  Antarctic,  /  Geophyt  Ret,  85,  3376,  1980. 

Ianhof,  W.L,  EE.  Gaines,  and  J.B.  Reagan,  Evidence  for  the  resonance  precipitation  of 
energetic  electrons  from  the  slot  region  of  the  radiation  belts,  /  Geophyt  Pet,  79,  3141, 
1974. 


Vampola,  AL,  VLF  transmission-induced  slot  electron  precipitation,  Geophys.  Res.  Lett, 
4,  569, 1977. 


J5-H 

[16]  Imhof,  W.L,  R.R.  Anderson,  J.B.  Reagan,  and  E.E.  Gaines,  The  significance  of  VLh 

transmitters  in  the  precipitation  of  inner  belt  electrons,  /.  Geophyt.  Ra.,  86, 11225, 1981. 

[17]  Imhof,  WL,  J.B.  Reagan,  H.D.  Voss,  EE  Gaines,  D.W.  Datlowe,  J.  Mobiiia,  RA.  Helliwefl, 

U.S.  Inan,  and  J.P.  Katsufrakis,  Direct  observation  of  radiation  belt  electrons  precipitated 
by  the  controlled  injection  of  VLF  signals  from  a  ground-based  transmitter,  Gtophyt.  Ra 
Lett,  10,  361,  1983a. 

[18]  Imhof,  WE.,  JJ.  Reagan,  H.D.  Voss,  EE  Gaines,  D.W.  Datlowe,  1.  Mobiiia,  RA.  HelUweS, 

US.  Inan,  and  J.P.  Katsufrakis,  The  modulated  precipitation  of  radiation  belt  electrons 
by  controlled  signals  from  VLF  transmitters,  Gtophys.  Ret  Lett,  10,  615, 1983b. 

[19]  Vampola,  AL,  Observations  of  VLF  transmitter-induced  depletions  of  inner  zone  electrons, 

Geophyt  Ret  Lett,  10,  619, 1983. 

[20]  Kovrazhkin,  RA.,  M.M.  Mogilevsky,  J.M.  Bosqued,  Y.I.  Galperin,  N.V.  Dzhordzhio, 

Y.V.  Lisakov,  OA  Molchanov  and  A.  Reme,  Observation  of  partide  precipitation  from 
the  ring-current  zone  stimulated  by  powerful  ground-based  VLF  transmitter.  JETP  Lett, 
38,  397, 1983. 

[21]  Kovrazhkrin,  RA,  M.M.  Mogilevsky,  OA  Molchanov,  Y.L  Galperin,  N.V.  Dzhordzhio, 

Y.V.  Lissakov,  J.M.  Bosquet,  H.  Reme,  Dirat  detection  of  the  precipitation  of  ring 
current  electrons  and  protons  stimulated  by  artificial  VLF  emission,  Geophyt  Ret  Lett, 
11,  705,  1984. 

[22]  Imhof,  W.L,  TJ.  Rosenberg,  LJ.  Lanzerotti,  J.B.  Reagan,  H.D.  Voss,  D.W.  Datlowe, 

J.R.  Kiiner,  EE  Gaines,  J.  Mobiiia,  and  EG.  Joiner,  A  coordinated  satellite  and  ground- 
based  study  of  an  intense  electron  precipitation  spike  over  the  southern  polar  cap,  /. 
Geophyt  Ra,  10,  837, 1984. 

[23]  Vampola,  AL,  Electron  precipitation  in  the  vicinity  of  a  VLF  transmitter,  /.  Geophyt.  Ret, 

92, 4525, 1987. 

[24]  Vampola,  AJL,  and  GA  Kuck,  Induced  precipitations  of  inner  zone  electrons,  1, 

observations,  /.  Geophyt  Ret,  83,  2543, 1978. 

[25]  Vampola,  AL,  and  C.D  Adams,  Outer  zone  electron  predpitation  produced  by  a  VLF 

transmitter,  J.  Geophyt  Ra,  93,  1849, 1988. 

[26]  Amoldy,  RL,  and  P.  Kintner,  Rocket  observations  of  the  predpitation  of  electrons  by 

ground  VLF  transmitters,  /.  Geophyt  Ret,  94,  6825,  1989. 

[27]  Koons,  H.C.,  Proton  predpitation  by  a  whistler-mode  wave  from  a  VLF  transmitter, 

Geophyt  Ra  Lett,  2,  281,  1975. 

[28]  Kennel,  CFn  and  H.E  Petschek,  Limit  on  stably  trapped  partides  fluxes,  /.  Geophyt.  Ra, 

71,  1,  1966. 

[25]  Pinto,  OJr,  and  W.D.  Gonzalez,  The  rule  of  Landau  resonance  in  energetic  electron 
predpitation  from  the  inner  radiation  belt,  J.  Geophyt  Ra,  94,  12027,  1989. 


[30]  Shkiyar,  D.R,  Partide  interaction  with  an  electrostatic  VLF  wave  in  the  magnetosphere 

with  an  application  to  proton  precipitation,  Planet.  Space.  ScL,  34, 1091, 1971. 

[31]  Dysthe,  K.B.,  Some  studies  of  triggered  whistler  emissions,  J.  Geophyt.  Ra,  76  (26),  6915, 

1971. 


1M 

P2]  Iain,  US,  TP.  Bcfl,  and,  RA  HeSiwefl,  Nonlinear  j/tch  angle  acattering  of  energetic 
electron*  by  coherent  VLF  wave*  in  the  magnetosphere,  J.  Geophyt  Ret,  83,  3235,  UR 

P3]  Chang,  H.C,  and  US.  Inert,  Quasi-relativistic  electron  precipitation  due  to  interaction* 
with  coherent  VLF  wave*  in  the  magnetosphere,  1.  Geophyt.  Res.,  88,  318,  1983. 

P-4]  Bealrvw,  PA,  and  V.  Y.  Trikhten gents.  Cyclotron  instability  of  earth  radiation  belts,  Rev. 
Raima  Pt tyt,  10,  M,  1980. 

P5]  Trakhtengerta,  V.  Y,  Alfven  maser*  in  active  experiment*  in  space,  Eu,\  Space  Agency  Spec 
Pull,  ESA  SP 195,  67, 1983. 

P6J  VDlalon,  E,  WJ.  Burke,  P.  RothweD,  and,  M  B.  Silevitch,  QuasMinear  wave-partide 
interactions  in  the  earth  is  radiation  belts,  /  Geophyt  Ret,  94,  15.243,  1989. 

P7]  Tkilceric,  S,  US.  Inin,  and  RA  Hefliwelt  Nonlinear  pitch  angle  scattering  and  trapping 
of  energetic  particle*  during  landau  resonince  interactions  with  whistler  mode  waves/ 
Geophyt  Ret,  S9,  9857, 19S4. 

{38]  Hefliwell,  RA,  J.P.  Kitsufrakis,  M.  Trimpi,  and,  N.  Brice,  Artificially  stimulated 
very-fow-frequency  radiation  from  the  ionosphere,/.  Geophyt  Ret,  69,  2391,  1964, 

P9]  Kimura,  L,  On  observations  and  theories  of  the  VLF  emissions.  Planet  Space  Sd,  15,  1427, 
1967. 

{40]  Matsumoto,  H,  and  Y.  Omura,  Computer  simulation  studies  of  VLF  triggered  emissions; 

deformation  of  distribution  function  by  trapping  and  detrapping./  Geophyt.  Ret,  10, 607, 

1983. 

[41]  HeCiwell,  RA„  and  J.P.  Katsufrakis,  VLF  wave-injection  into  the  magnetosphere  from 

Siple  Sutkm,  Antarctica,/  Geophyt  Ret,  79,  2511,  1974. 

[42]  HeU-weH,  RA.,  Controlled  stimulation  of  VLF  emissions  from  Siple  Station,  Antarctica, 

Radio  Sd,  6,  801,  1983. 

{43]  HeUwell,  RA,  Whistlers  and  related  ionopheric  phenomena,  Sanford  Univenity  Prat, 
Stanford,  Calif.,  1965. 

{44]  Gendrin,  R,  Waves  and  wave-partide  interaction*  in  the  magnetosphere:  a  review.  Space 
Sd.  Rev 18,  145,  1973. 

{45]  Matsumoto,  H,  Nonlinear  whistler  mode  interaction  and  triggered  emissions  in  the 
magnetosphere:  a  review,  in  Wave  Instabilities  in  Space  Plasma,  edited  by  PJ.  Palmadesso 
and  K.  Papadopoulos,  D.  Reidel ;  Pub.  Co.,  163,  1979. 

{46]  Omura,  Y„  and  H.  Matsumoto,  Computer  simulations  of  basic  processes  of  coherent 
whistler  wave-partide  interactions  in  the  magnetosphere,/.  Geophyt  Ret,  87, 4435, 1982. 

{47]  Hefliwefl,  RA,  and  T.L  Crystal,  A  feedback  model  of  cydotron  interaction  between 
whistler-mode  waves  and  energetic  electrons  in  the  magnetosphere,  /.  Geophyt  Ret,  78, 
7357, 1973. 

{48]  Hefliwefl,  RA,  and  US.  Inan,  VLF  wave  growth  and  discrete  emission  triggering  in  the 
magnetosphere-  A  feedback  model,  /.  Geophyt  Ret,  87,  3537,  1982. 

{49]  Omura,  Y,  and  H.  Matsumoto,  Simulation  study  of  frequency  variations  of  VLF  triggered 
etniision  m  a  homogeneous  field,  /.  Ceomoj  Geoelectr.,  37,  829, 1985. 


J*-IO 

(30j  Kuan,  D,  A  lelf-consistent  theory  of  triggered  VLF  emissions,  /  Geophyt  Res.,  22,,  349, 
1974, 

(511  Nwtn,  D,  The  quasi  static  theory  of  triggered  VLF  emissions,  Planet  Space  ScL,  32,  325, 

1984. 

(52]  Mofvig,  1C,  0.  Hoifer,  R.H.  Miller,  and  J.  Myczkowski,  Self-consistent  theory  of  triggered 

whistler  emissions,  /  Geophyt  Ret,  93, 5665, 1938. 

(53]  Nunn,  D,  The  numerical  simulation  of  VLF  nonlinear  wave-parttde  interactions  in  collision- 

free  plasmas  using  the  VLASOV  hybrid  simulation  technique,  Compul  Phyt  Comm.,  to 
be  published. 

(54]  Rout,  A,  and  R.  PeBat,  A  theory  of  triggered  emissions,  /  Ceophys.  Ret,  83,  1433, 1978. 

(55]  BeB,  TP,  H.G.  James,  U.S.  Inan,  and  JP.  Katsufralcis,  The  apparent  spectral  broadening 

of  VLF  transmitter  signals  during  trans -ionospheric  propagation,  /  Ceophyt  Ret,  88, 
4813,  1983. 

(56]  Titova,  HE,  VI  Di,  V.E  Yurov,  O.M.  Raspopov,  V.Y.  Trakhtengertz,  F.  Jiricek,  and 

P.  THska,  Interaction  between  VLF  waves  and  the  turbulent  ionosphere,/  Ceophyt  Ret, 
11,  323,  1984. 

(57]  Titova,  EE  V.  Yurov,  A.  Periikov,  0.  Raspapov,  V.Y.  Trakhtengertz,  O.  Maltseva, 

OA  Molchanov,  and  Y.  Golperin,  On  the  spectral  broadening  of  ground  transmitter 
VLF-*ignals  in  the  high  latitude  ionosphere  observed  from  INTERCOSMOS-19  and 
AUREOL-3  satellites,  Results  of  the  ARCAD  3  project  and  the  recent  programmes  in 
the  magnet  ospheric  and  ionospheric  physics,  CEPADUES  Ed,  Toulouse,  627, 1975. 

(58]  Inan,  US,  and  TP.  Bell,  Spectral  broadening  of  VLF  transmitter  signals  observed  on 
DEI:  A  quasi -electrostatic  phenomenon?,  /  Ceophyt  Ret,  90,  1771, 1985. 

(59]  BeB,  TP,  and  HE.  Ngo,  Electrostatic  waves  stimulated  by  coherent  VLF  signals 

propagating  in  and  near  the  inner  radiation  belt,  /  Ceophyt  Ret,  93,  2599, 1988. 

(60]  BeB,  TP,  High  amplitude  VLF  transmitter  signals  and  associated  sidebands  observed  near 

the  magnetic  equatorial  plane  on  the  ISEE-1  satellite,  /  Geophyt.  Res.,  90,  2792, 1985. 

(61]  Chmyrev,  V.M,  M.M.  Mogilevsky,  OA  Molchanov,  Y.P.  Sobolev,  EE.  Titova, 

TA  Yakhina,  R.N.  Suncheleev,  VA  Giadyshev,  N.V.  Baranets,  N.V.  Dzhordzhio, 

YX  Galperin,  and  AV.  Streltsov,  Parametric  excitation  of  ELF  waves  and  acceleration 
of  ions  during  the  injection  of  strong  VLF  waves  into  the  ionosphere,  Kosmicheskie 
bsledovamia  (Sov.  Phyt  Space  Ret),  27,  249,  1989. 

(62]  Molchanov,  OA,  M.M.  Mogilevsky,  YA  Kopytenko,  Non-linear  effects  of  injection  of 

vcry-kw-frequency  waves  into  the  magnetosphere,  Adv.  Space  Ret,  1,  229, 1981. 

(63]  Parrot,  M.,  World  map  of  ELF/VLF  emissions  observed  by  a  low-orbiting  satellite,  Ann. 

Ceophyt,  8,  135, 1990. 

(64]  BeB,  TP,  and  HE.  Ngo,  Electrostatic  lower  hybrid  waves  excited  by  electromagnetic 

whistler  mode  waces  scattering  from  planar  magnetic-field-aligned  plasma  density 
irregularities,  Z  Ceophyt  Ret,  95,  149, 1990. 

(65]  Groves,  K.M.,  M.C.  Lee,  and  SP.  Kuo,  Spectral  broadening  of  VLF  radio  signals  traversing 

the  ionosphere,  /  Geophyt  Ret,  93,  14683,  1988. 


M-ll 


[66]  Beghin,  G,  JP.  KirczewsH,  B.  Poirier,  R.  Debris,  and  N.  Maaevitch,  The  AH  CAD-3 

ISOPROBE  cperimect  for  hi^h  time  resolution  thermal  plasma  measurement^  Am 
Gtopfyx,  38,  613,  1982. 

[67]  Rfcsfe.  D,  and  MG  Kelley,  The  posrifcle  production  of  kwer  hybrid  parcm  stric  Instabililk* 

by  VLF  ground  transmitter*  tad  by  natural  enisricoa,  /  Gccptys.  Ret,  87,  2545, 1532 

[68]  Lee,  MG,  and  SP.  Kuo,  Production  of  loner  hybrid  ™  and  Bad-aligned  plasma  denalty 

rtriations  by  vhlstfen,  /.  Geopfy i  Its-,  89,  1G373,  1SS4. 

[69]  SotmtoT,  VL,  V.  Rail,  F.  Lefewre,  D.  Lagcutta,  and  M  Mog2r\’sH,  Esdution  of 

•idebands  due  to  non-linear  coupling  befsreen  a  VLF  transmitter  signal  and  a  natural  ELF 
emiasioo,  in  preparation. 


PAPER  NO.  at 


DISCUSSION 


0.  S.  I  NAN,  OS 

Th«  Irregularities  required  by  the  tin**'.'  soda  coupling  nodal  can  be  ••  null  aa  tana 
of  satara  or  amaller.  Doaa  AR.CAO-1  have  tha  tiaa  resolution  to  HHUn  auch 
Irregularities? 

AUTHOR'S  REPLY 

Vary  high  raaolutlon  Baaauranenta  ara  parfonaad  by  tha  ISOPROBB  aicjarlaant  embarked 
on  ARCAO-l.  Thara  la  an  oparatlon  aoda  with  a  tlaa  raaolutlon  of  1  as,  which  aaana 
a  apatlal  raaolutlon  battar  than  20  a.  Irragularltlaa  of  tha  else  of  tana  of  aatara 
ara  found  in  tha  light  Ion  trough  ragion  (aaa  Beghln  at  al.,  Adv.  Sns-ra  Pea. .  J,  22*, 
19S5) .  fcit  thay  ara  navar  obaarvad  In  tha  high  plasma  danalty  region,  avan  at  tha 
lovast  AKCAO-]  altitude  <400  ka) . 


CliS—  and  cffKtt  of  tM«r»c  Hone  bet  wee n  energetic  electrons  *td  whist  ler-mode 
mvm  (a  the  coupled  magnetoephere-lonoephere-atmosphere  system 
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The  physical  mechanism  of  •  cyclotron  resonance  Interaction  bat wee n  trapped 
energetic  electron*  and  whist l sr-mode  waves  In  the  magnetosphere  la  discussed. 
Mot  only  do  the  electrons  hove  thlr  pitch  angles  reduced  In  this  interaction,  so 
that  they  may  be  precipitated  Into  the  upper  atmosphere,  but  also  the  waves  can 
be.  amplified.  Such  a  flu*  of  preclpltat Ing  electrons  can,  either  by  direct 
Ionisation  or  via  bramsst rah lung  radiation,  causa  a  pimple  to  be  produced  on  the 
bottom  of  tho  Ionosphere.  That  can  al  gnlf  leant  ly  modify  the  amplitude  end/or 
pheee  of  vory  low  frequency  radio  signals  propagating  In  the  Eerth- ionosphere 
wove guide.  Various  experimental  observations  that  demonstrate  the  reality  of 
•uch  offsets  era  presented. 

1 .  background 

Cornwell  (1964)  end  Oungey  0943)  considered  theoretically  the  interaction 
between  whist  ter  mode  (electromagnetic)  waves  and  energetic  electone  trapped  In 
tho  Earth's  magnetosphere,  the  van  Allen  radiation  belts.  fries  0944),  In  a 
paper  full  of  physical  Insight,  discussed  the  energetics  of  this  cyclotron 
reeoktence  Interaction.  He  showed  that  the  1st  ler-mode  waves  can  be  amplified 
considerably  by  taking  e  little  energy  from  the  transverse  motion  of  the 
elec trone.  TMi  reduces  the  pitch  angles  of  tha  electrons,  such  that  come  of 
them  might  be  lost  from  the  radiation  belts  end  precipitated  Into  the  upper 

atmosphere. 

Electromagnet Ic  waves  In  the  ELF  «  3  kHz)  end  VLF  (3  to  30  kHz)  bends  ere 
ro dieted  by  man-made  transmitters  end  by  lightning.  These  radio  signals  -  end 
atmospherics  (or  spherics  for  short)  -  propagate  several  thousand  km  In  the 
Certh-tonoephere  waveguide.  They  can  also  penetrate  the  lover  Ionosphere  to 
propagate  In  the  whlstler-mode  along  geomagnetic  f leld-at Igned  ducts  of  enhanced 
plasma  density,  from  one  hemisphere  to  the  other.  Ae  they  propagate  through  the 
aiegnet ©sphere,  they  ere  dispersed.  This  accounts  for  the  cheracterlst Ic  curved 
dynamic  spectrum  (frequency  ve  time)  of  o  natural  whistler.  The  dispersion  la 
wood  to  find  tho  oloctron  density  In  the  equatorial  plena  (Perk  1972}  Teresel 
at  ol. •  19$9). 

2.  Cyclotron  resonance  Interactions  between  energetic  electrons  end  whletler- 
■ods  waves. 

Energetic  electrons,  gyrating  about  geomagnetic  field  lines,  bouncing  beck  end 
forth  from  one  hemisphere  to  tho  othor,  end  drifting  eastwards  in  longltudo 
(Ho—,  1968),  con  Interact  with  sfilst  ter-mods  waves.  This  wave- part  lets 
Interaction  Le  oxptelned  by  a  cyclotron  r— onence  Interaction,  In  irfilch  the 
waves  ere  amplified  (perhaps  by  30  df,  Hell l we l l  1983);  simultaneously,  the 
electrons  have  thalr  pitch  angles  reduced.  The  equations!  plane  le  generally  e 
preferred  Interaction  region  since  there  wves  will  resonate  with  the  lowest 
energy  electone  IRycreft,  1979;  Goldberg  at  el.,  1987). 

Rycroft  (1973)  presented  the  first  direct  exper (mental  evidence  for  such  an 
interaction.  Fig. 1  shows  even-numbered  whistlers,  recorded  on  the  ground  at 
South  Ulet,  Scotland,  and  a  burst  of  oloctrons  of  >45  koV  recorded  aboard  e 
rocket  launched  from  South  Ulet.  The  Interaction  occurs  on  the  L*3. 3  field 
line.  (The  L  shell  of  a  geomagnetic  field  line  le  approximately  the  distance 
from  tho  contra  of  tho  Earth  at  which  tho  flold  lino  crosses  the  equatorial 
plane,  m— eured  In  Eerth  radii.  ) 

Fig.  2  shows  diagrammatical  ly  the  Interpratat  Ion  of  this  observation  In  terms  of 
e  half  hop  whistler  Interacting  In  the  equatorial  plane,  causing  the  pitch  angle 
of  >  45  koV  electrons  to  be  decreased  such  that  they  are  precipitated  over  South 
Ulot.  In  the  process,  the  half  hop  whistler  le  amplified,  le  reflected  In  the 
southern  hemisphere  and  received  at  Smith  Ulst  ee  e  two  hop  whistler;  further 
multiple  even  hop  whistlers  ere  evident.  The  yyroraeonance  condition  In  the 
equatorial  plane  le,  for  e  dipole  rsprsssntat  Ion  of  the  geomagnetic  field 
(Rycroft  1974,  1974),  with  WM  In  keV,  N  In  cm”*  end  wave  frequency  end  cyclotron 
frequency  <f  end  f®*)  In  kHz, 

Wl  Neq  -  3.  16  (f«.  -  f)*/f  keV  cm”*. 


Thte  rotation  la  shown  graphically  In  Pig. 3  taken  from  Margraavas  (1979).  Fig.  3 
show*  Wl  Naq  aa  a  function  of  L-value  for  dlffarant  wav*  fraquanclaa  f.  With 
tha  modal  aquatorlal  plana  plasma  dlatrlbutlon  glvan  in  Fig.  3b,  for  althar 
normal  or  magnattcally  dlaturbad  eondttlona,  W*  la  found  aa  a  function  of  L- 
valua  and  shown  In  Fig. 3c  at  a  wav*  fraquancy  f  •  3  kHz.  Conaldarlng  that  tha 
whistler  ah  own  In  Fig.  1  Intaractad  at  3  kHz  on  tha  L  •  3.  3  flux  tuba,  with  an 
aquatorlal  plana  atactron  danalty  of  330  c«r*  W  *  25  kaV.  Al tarnat l vaty,  at 
1  kHz,  krt  •  100  kaV.  Tha  htghaat  anargy  alactrona  ara  pracloltatad  altnar  Juat 
out  a l da  tha  ptaamapauaa  or  in  tha  Innar  magnatoaphara. 

Flp,  4  ahowa  that  alactrona  of  23  kaV  panatrata  do**i  through  tha  uppar  atmoaphara 
raachlng  63km  altltuda  (Thorn#,  1977),  karate  100  kaV  alactrona  raach  down 
furthar.  to  73  km.  Thara  (hay  can  craata  extra  loniaatlon,  making  a  plmpta  on 
tha  bottom  of  tha  lonoaphara.  Altarnat Ivaly,  thay  produce  bramaatrahlung 
radiation  vFiteh  panatrataa  daapar  Into  tha  mlddla  atmoaphara  bafora  producing 
lonlaat Ion. 

Tha  § yroraaonanca  Interaction  has  baan  generalised  by  Rash  at  al.  (1964).  Fig. 
Sb  ahowa  aaaanttally  tha  aama  physical  situation  aa  Fig. 2.  but  with  tha 
lightning  in  thz  South  and  tha  wavs  racatvar  In  tha  southarn  hamtaphara  rathar 
than  In  tha  North  Fig.  3a  shows  tha  situation  for  a  southarn  obssrvar  In  which 
tha  gyrorasonant  and  pitch  engla  scattered  alactrona  ara  raflactad  In  tha 
northarn  hemisphere,  whara  tha  magnetic  mirror  field  strength  la  graatar,  and 
precipitated  In  the  southern  hemlephere,  In  aaeoctatlon  with  whlet ler-mode  waves 
from  a  lightning  discharge  In  tha  North  that  hava  propagatad  a  half  hop  aftar 
tha  gyroraaonant  Intaractlon. 

Fash  at  al.  <<?M)  provlda  useful  raaulta  on  tha  dlffaranc#  In  arrival  lima 
bat  we  an  tha  whistler  mods  waves  and  tha  anargatlc  alactrona  for  these  two  caeas 
Occurring  on  the  L  ■  4  flux  tuba.  Fig.  A  shows  the  travel  tins  difference  At,  a 
positive  value  of  %4>tch  Indicates  thot  the  l at ler-moda  waves  arrive  earlier 
than  tha  electrons,  fnr  dlffarant  densities  In  the  equatorial  plana  at  L  ■  4. 
On  tha  left  a  dlffuelva  equilibrium  plasma  distribution  modal  for  tha 
plaemeiphere  la  eaeumed.  t*\ereae  on  tha  right  an  L“*  dlatrlbutlon  la  taken  t  a) 
and  b)  ara  aa  tn  Fig.  Sa>  and  b).  The  main  result  la  thet  the  waves  and  the 
alactrona  will  arrive  essentially  elnulteneousl y  at  a  certain  fraouancy  which 
for  a)  la  near  1  or  2  kHz.  but  for  b)  la  near  7  or  6  kHz.  Gyroreeonenee  at 
frequencies  other  than  these  will  give  a  time  delay  between  tha  alactrona  and 
waves  that  havo  Intaractad,  such  that  a  time  dlffarenca  of  tha  order  of  a  few 
seconds  may  be  Interpreted  to  give  the  gyror  eaonence  energy,  ws,  If  the 
aquatorlal  plane  electron  density,  N»„.  la  known  from  whistlers. 

X _ BltmL.  lon»L  «vld«ne«  of  cyclotron  r«,nn»r<c«  lni«racUo<T  In  th« 

Magnetosphere 

A  manifestation  of  tha  preclpltetton  of  energetic  electrons  by  ^letters  la  the 
so-called  Trtmpl  effect  (Inen  end  Carpenter,  1987).  A  lightning  flesh  In  tha 
North  (bm  Fig.  7a)  la  ducted  through  tha  megnetoepher  a  (see  Fig.  7b)  and 
precipitates  electrons  In  the  North  end  South.  Such  a  localised  prac l pi  tat  Ion 
region  changes  the  mode  structure  for  VLF  wevaa  propagating  in  the  Earth- 
Ionosphere  waveguide.  Signets  from  e  transmitter  T,  to  e  receiver  R,,  or  from 
T»  to  Ra<  would  be  affected,  whereas  those  from  Ta  to  R,  would  not.  Such  Trtmpl 
affects  ara  made  manifest  ea  changes  In  the  amplitude  and/or  the  phase  of  VLF 
signals  from  transmitters  on  tha  Earth's  surface  that  are  received  at  other 
ground  stations.  Such  effects  have  baan  modelled  by  Tolstoy  at  at.  (1986). 

Fig.  0  considers  tha  situation  with  the  VLF  transmitter  at  Slple,  Antarctica, 
transmitting  at  3.79  kHz  on  13  July  1902.  Signals  propagate  In  tha  Earth- 
lonosphere  waveguide  to  Halley  at  L*4.  3.  Signals  propagating  e  similar  distance 
either  to  Palmar  or  South  Pots  cross  l-ehella.  The  amplitude  of  the  Slple 
signal  received  at  Halley,  shown  In  Fig.  9b,  Incraaaaa  at  1930:35  UT,  about  2 
seconds  aftar  e  whistler  (whose  spectrogram  la  ahown  in  Fig.  9d>  was  received  at 
Halley  (Hurren  at  al.,  1966).  This  explains  tha  Increased  amplitude  of  the 
natural  0.5  to  2.5  kHz  signal  at  Hatley  (Fig.  Sc).  Tha  recovery  time  aftar  the 
transient  <-10a,  as  la  evident  In  Fig.  9to>  la  typical  for  the  0  region. 

Inen  at  al.  <1986e>  hava  Investigated  Trtmpl  events  at  lower  L-ehells  between 
1.0  and  -3,  caused  by  more  anargatlc  alactrona  (-J4eV).  Thay  have  also 
considered  the  geographic  variation  of  Trlmpl  events,  explaining  them  In  terms 
of  preferred  praclpltat  Ion  on  the  western  edge  of  tha  reolon  conjugate  to  the 
South  Atlantic  Geomagnetic  Anomaly.  This  affect  la  Illustrated  tn  Fig.  10,  due 
to  Sheldon  at  al.  (1968),  In  which  the  aquatorlal  pitch  angle,  •  eq,  of 
alactrona  la  plotted  against  longitude.  Aa  electrons  drift  eastwards,  thay  are 
prefer ant lal ly  precipitated  at  geographic  longitudes  between  270*  end  360*  E. 

Inen  at  el.  (1966  b)  present  further  evidence  for  whl at ler-electron  Interactions 
near  L*1.8,  hsvlng  located  the  positions  of  the  causative  c loud- to- ground 
lightning  dischargee,  aa  ahown  In  Fig  11  by  crosses.  These  are  close  to  the 
circle  path  of  the  diagnostic  VLF  transmitter  signal  at  20.5  kHz,  and  near 
Its  ml d- point.  The  initial  recovery  time  la  only  -la.  Indicating  more  energetic 
C.MeV)  preclp’.tat  Ion  to  deeper  Into  the  denser  atmosphere,  followed  by  recovery 
on  e  10s  time  seals.  1 


Ionisation  profit**  and  amplitude*  of  th*  dlefnootlc  VU>  trenamlttor  olonoi  hov* 
boon  ouceoeefu lly  medalled  (***  fig.  I2>  *t  different  L-sh*U*.  Profit**  arm 
shown  *t  th*  time  of  th*  proclpltotln*  electron  burnt  <t-0>,  and  *t  1,1,20  and 
10.0  a*c amt*  th*rMft*r, 


Lritlla  lltUa)  h**  considered  violet  light  flaah**  lasting  a  millisecond  from 
tha  upp*r  atmosphere  at  L.1.4  a*  b«tng  du*  to  lightning  In  th*  conjugal*  region 
triggering  precipitation  of  »a  H*V  electrons  from  th*  Inner  radiation  b«lt. 
■hart  duration  burst*  of  prac  l  pi  tat  Ing  *n*rg*tl*  alactron*  have  baan  oba*rv*d  at 
t*t.t  0/  Vos*  *t  al.  (1434).  luccmlv*  bursts  correspond  tu  th*  bouncing 
mot  I  on  (par  tod  .0.4  stands!  of  a  bunch  of  electron*.  Vampota  (ISM)  ho*  arguod 
against  this  Interpretation  basad  on  an  Interact  ton  in  tha  equator  tal  piano, 
using  concapta  dltuasad  by  Pth  at  *1  <!t44>  amongst  ethers.  LaSalle  (ttesb) 

counter*  thta  criticism  by  suggttlng  that  lightning  from  th*  southern 
hom l sphere  cauom  a  wave-particle  Intorttlon  In  tha  northern  topstd*  tonosphor* 
and  than  tha  ml  1 1 1  second  lly*-'.  flash. 

Von  at  at.  <1434>  prooontod  aatotllta  observation*  of  bursts  of  electrons 
XOOkeV  (upper  curve  In  Fig.  IS,  for  trapped  electron*)  and  >43  k*V  (lower  curve 
In  Fig.  13,  for  proclpltottng  electron*)  near  L*2. 3.  Slmultsnoously  with  this, 
whlotlar*  war*  rocotvsd  at  Palmar  Station,  Antarctica,  olso  at  L*2.  3.  Thao* 
eotollltofground  observation*  confirmed  th*  reckat/ground  data  obtained  by 
Rycroft  (1473)  one  solar  cycle  oar  I  lor. 

Such  eatelt Ito  data  show  bursts  of  electron*  bouncing  back  and  forth  bat wean  tha 
northern  and  southern  hemispheres.  Th***  occur  Just  after  a  whistler,  and  tha 
precipitating  anorgatlc  electron*  causo  a  pimple  on  tha  bet toms  I da  tenoophare 
which  explains  th*  Trlmpt  affect  observed. 

Lohroy  and  Katsar  (1474'  and  Oewdan  and  Adams  (1438  a, b>  received  at  Ounadtn,  In 
Now  Zealand,  22.3  kH*  radio  signals  from  North  Vast  Capa  (NIC)  In  Australia, 
3730  km  sway.  Thoy  explain  some  Trlmpt  events  as  slight  departures  from  great 
circle  propagation  In  th*  Earth-lonoephors  waveguide,  and  than  forward  scatter, 
with  a  character  lot  Ic  polar  diagram  from  the  plmplo.  This  weak  scattered 
signal  Inttrfarn  with  th*  greet  circle  path  signal*  which  loads  to  both 
Increases  and  decreases  of  amplitude  and  phaaa. 

Tha  Interference  between  tha  dlract  and  pimp  la-scat  tar  ad  signals  Is  shown  In 
another  way  In  Pig.  U,  E  balng  tha  phaaor  of  tha  dlract  signal  and  a  that  of 
tha  scattered  signal.  Sac aw a#  tha  lattar  may  hava  any  phaaa  with  raapact  to  tha 
for mar,  its  tip  tracaa  out  a  circle. 

fig.  13  shows  t wo  nlghttlma  Trlmpl  avanta.  A  and  8*  with  vary  dlffarant 
amp lit  uda  and  phaaa  character 1st (ca,  as  ax pec tad  from  this  phaaor  modal, 
tyatamattc  changaa  ovar  tha  night  Indicate  that  tha  praclpltat Ion  region  drifts 
pot awards  by  about  4  km/hour. 

A  modal  for  tha  ptmpla  has  boon  constructed,  as  a  two-dlmona tonal  Oauaalan 
height  perturbation  on  tha  bottom  of  tha  Ionosphere.  This  was  placed  1200  km 
from  Dunedin.  it  causes  amplitude  *nd  phaaa  parturbat Iona  of  tha  right  size* 
thalr  sign  depending  on  tha  pimple's  Istsrsl  displacement  from  tha  great  clrcla 
path}  a-  Indicates  a  range  of  displacements  for  which  tha  phaaa  change  Is 
posit  I  vs  and  tha  amplitude  change  Is  negative,  ate.  Thera  la  soma  Indication 
that  a  perturbation  region  stretched  along  an  L-ahall  may  be  batter  at 
explaining  tha  results  than  a  region  of  circular  cross  section. 

Armstrong  (1987)  has  msds  tha  ease  that  one  whistler  triggers  another  about  5 
seconds  later.  How  could  this  baT  A  possible  mac  he-,  t  am,  l  (lust  rated  In  Fig. 
I4»  la  <1)  that  a  northern  hamlaphara  lightning  discharge  <2>  launches  whist  tar- 
mods  waves  into  tha  magnet oaphar a,  <3)  electrons  cyclotron  rasonata  with  tha 
wave,  and  have  thalr  pitch  angles  reduced,  <4)  tha  one  hop  whistler  la  reflected 
in  tha  South  and  tha  bunch  of  electrons  *rfileh  Interacted  near  tha  northern 
atmosphere,  and  (5)  they  create  Ionisation  In  tha  atmoaphara.  This  could  raduca 
tha  resistance  of  tha  air  coluim  above  tha  thundarc loud,  causing  a  lightning 
discharge  to  tha  Ionosphere  whan  tha  two  hop  whlotlar  la  received  (Rycroft, 
1987).  This  triggered  lightning  discharge  than  produces  more  whist  lore. 

Armstrong  0967)  has  published  tha  spectrogram  Casa  Ftg.  17)  of  a  whlotlar  W 
which  goner at as  echoes  with  a  4  second  periodicity  and  t*ileh  evolve  Into  burets 
of  almost  constant  fra^juancy.  T*  triggers  %f*tet  lar  W*  at  tha  earns  time  as 
amission  E«  (not  label  lad).  Thera  la  a  I  second  delay  associated  with  tha 
triggering  procsss. 


Attention  ho*  boon  concontrotod  hot#  on  th*  of  foe  to  of  electron  pr  ec  'pi  tot  l  on 
triggered  by  Impulsive  lightning,  e  powerful  oouree  of  brood-bond  wh . ot lor-,md* 
redlotlon.  A  Mn-Md<  ELf/Wf  redto  tronomlttor  Otoon*  ot  el.,  I9*'l  Vorvoto, 
IS63)  or  power  line  hormonlc  rodlollon  (Tetnetl  et  el.,  1t63j  ftultough,  Itflftl 
eeeh  producing  norrou-bond  whlotler  (oodo  redlotlon  could  couoo  the  proclpltotlon 
of  energetic  electron*.  It  I*  not  y*t  elder  rfiottier  e  neturel  whlotler  l*  more, 
or  to**,  effective  then  e  short  (or  long)  puls*  of  nerrow-bend  whistler -trod* 
redlotlon,  of  conetent  frequency,  or  of  slowly  chenglng  frequency.  Neither  Is 
It  known  whether  e  men -mo  do  pulse  of  ELS  (though  not  VLP,  from  energy 
cons  l  der  st  l  one)  whlot  Isr-rod*  redlotlon  could  ceuse  MOO  keV  electron 
preclpltstlon  to  gsnerste  energetic  bremsstrshlung  redlotlon  or  evetench* 
effecte  ebove  e  thundercloud  end  trigger  a  lightning  discharge  to  th* 
Ionosphere.  (O'Angelo  (tt#7>  has  considered  brsmestrehlung  X- ray  generstlon  In 
the  atmosphere  from  > 1 00  ksV  electrons  produced  by  Itghtnlng.  >  Also,  neturel 
whlstler-mcvds  redlotlon  termed  chorus  (Ollven  end  Gurnett,  Ifdfl)  con  cause 
energetic  electron  precipitation  affects  (Rosenberg  et  el.,  IS71).  Clerk  end 
fenlth  (IttO)  hove  reported  the  Trlmpl  effect  caused  by  quest -per  Iodic  VLF 
emlsstone.  Thus  there  Is  scope  for  further  experimental  studios  ss  wall  ss  for 
theoretical  end  numerical  modelling  Inveet Igst ton*. 
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Fig.  k  Diagram  showing  the  Intensity  of 

preclpltat Ing  electrons  of  >45  keV 
observed  near  100km  altitude 
at  the  time  of  toma  aven-numbered 
hop  whist  lor*  (from  Rycro't,  1973)* 


Fig.  2.  Olagrem  Illustrating  ths 

gyrorssonsncs  Interaction  In  ths 
squator 1st  plans  batwaan  anargatl 
electron*  and  a  half  hop  uh l at  ter 
(from  Rycroft,  »»73V 


tr*  -» 


t-MtW  i'MlW 


Fig.  S.  (•>  Plot  of  vfHN  (see  text>  versus 
L-vatue  for  a  gyroreaonanca  Inter¬ 
action  In  the  equatorial  plane. 

(b>  Model  plasmaphe.-lc  electron 
density  distribution,  (c>  Derived 
parallel  energy  of  gyrorescnant 
electrons  (fr-«n  Hargreaves,  1?7?>. 


Fig.  4-  Plot  of  altitude  reached  by 

precipitating  protons,  electrons 
and  X-rays  of  different  energies 
(from  Thorns,  1977>. 
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ll*  Jf  Slple  transmitter 
•  leer  t  3.  79  kHz  received  at 
C*»  >  ej,th  Pole  and  <t>)  Hal  lay  Bey. 
**  Lstler  at  1930:  33UT  on  15  July 
*562,  evident  on  the  spectrogram 
<d>,  causes  not  only  the  enhanced 
0. 3-2. 5  kHz  signal  * icorded  at 
Halley  Bey  Out  els.  the  Trtmpl 
event  evident  In  <b>  at  1930:  35UT 
(from  HurreD  at  at.*  1986X 


Fig.  10.  Diagram  Illustrating  the 

longitudinal  variation  of  the  loss 
cone  pitch  angle  In  the  equatorial 
plane,  *eq.  Electrons  drifting 
eastwards  at  L»*  are 
preferent tel ly  precipitate  from 
270*C  to  360  *E  geographic,  In  the 
southern  hemisphere  (from  Sheldon 
at  el.,  1980). 


Fig.  13.  Ot-servat  tons  by  Von  at  el.  (I?S4) 
Of  bursts  of  electrons  sssoclstsd 
with  whistlers  observed  st  Palmer  - 
SM  text. 


Fig. 


Diagram,  from  Dowden  and  Adams 
<1?ftfla)  lllustrstlng  ths  change.  In 
amplitude  and  phase,  of  a  weveguloe 
signal  <E>  dus  to  scattering  from  a 
pimple  on  th#  bottom  of  ths 
lonosphars  (a). 


Fig.  15.  Fhasa  Cleft)  and  amplitude  <R)  of 
waveguide  signals  from  NWC  In 
Australia  racalvad  at  Ounadln, 

New  Zaaland,  assoclatad  with  Trlmpt 
a vents  (from  Dowden  and  Adams, 

If 05a>. 


Fig.  1b.  Diagram,  from  Rycroft  Clt07) 

Illustrating  how  praclpltat Ing 
onargstlc  alactrons  dus  to  a 
gyrorasonant  Intaractlon  with  a 
half  hop  whist  lar  may  trigger  an 
upward  propagating  lightning 
discharge. 


Fig.  17.  Experimental  evidence,  from 

Armstrong  (1907),  for  one  whistler 
triggering  another. 
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t.  DUNCAN,  ON 


DXICOSSTON 


X  have  a  question  .‘eqarding  tba  suggested  feedback  proceee  try  which  lightning 
producaa  ducted  VU  whistlers  which  in  turn  Induces  particle  precipitation  or 
directly  interacta  with  tha  lower  lonoaphera,  which  than  nay  trigger  a  aubaaquant 
lightning  event.  If  I  understood  correctly,  tha  lightning  aourca  naada  only  to  be 
within  about  1000  ka  of  tha  duct  inaertion  location.  Tha  aubaaquant  ionoapharic 
disturbance,  aithar  f  rod  tha  one-hop  VLF  or  precipitating  part  Idea,  ia  rather  eaall, 
on  tha  order  of  90  lea  or  laaa,  and  say  be  far  removed  froa  tha  initiating  lightning 
a  tors,  lima  one  would  expect  euch  feedback  eventa  to  be  quite  rare,  and  at  laaat 
froa  this  simplistic  aodel ,  an  unlikely  explanation  for  tba  frontal  chain  of 
lightning  eventa  mentioned  by  Dr.  tanka. 


AOTNOR'S  REPLY 


It  la  generally  believed  that  tha  lightning  naada  to  bo  within  1000  ka  or  ao  of  tha 
aagnatoapharlc  duct  for  whlatlar  excitation.  Alao,  tha  perturbed  ragion  la  likely 
to  bo  of  tha  order  of  only  50  ka.  For  these  reasons  and,  perhaps,  others  too,  such 
feedback  events  are  extremely  rare.  I  believe  that  sore  axpariaanta  are  needed  above 
thunderclouds  whan  tha  whin  Mar  propagation  path  la  along  a  geomagnetic  flux  tube 
vboee  ionoapharic  footprint  is  above  tha  thundercloud. 

RANKE,  OS 

Paul  Walts ,  a  Space  Shuttle  pilot,  hau  reported  visual  sightings  of  multiple 
lightning  discharges  over  distances  of  several  hundred  kilometers.  Could  this  be 
related  to  tha  progressiva  precipitation  of  energetic  particles  and  stimulation  of 
subsequent  discharges? 


ADTBOR'S  REPLY 


You  have  made  a  most  interesting  suggestion.  Ny  initial  reaction  ia  that  could  be 
tha  explanation  if  the  interval  between  the  discharges  were  e  few  seconds,  end  it  the 
■agnatic  latitude  of  the  phenomena  ware  appropriate  for  very  energetic  electron 
precipitation.  Bovever,  tha  explanation  may  also  lia  in  the  natural  progression  of 
discharges  from  different  charge  centers  within  a  thundercloud. 


P.  B0SSXY,  OS 


Might  soil  of  the  observations  be  attributed  to  VIP  hasting  of  the  D- region,  leading 
to  changes  in  the  affective  recombination  rata,  and  hence  AN,  effects? 


AUTBOW'S  KEPLY 

Nee  reply  by  Inan. 

O.  S.  INAN,  OS  (In  response  to  a  question  by  Paul  Koasey.) 

!*>•*•  eve  basically  two  claesas  of  ionoapharic  disturbances  associated  with  lightning 
dischargee.  The  larger  class  of  events  exhibit  a  diatinct  delay  of  a  fraction  of  a 
second  between  the  signature  of  lightning  end  the  onset  of  tha  ionoapharic 
disturbance  event.  In  such  canes,  tha  whistler-induced  precipitation  mechanism  is 
consistent.  In  a  smaller  eat  of  event*,  tha  ionospheric  disturbance  appears  to  occur 
within  few  tana  of  ms  of  the  lightning  discharge.  Such  events  could  vary  well  be  due 
to  heating  of  the  lower  lonocphara,  as  suggested  in  my  paper  in  the  Kay  1*90  issue 
of  5RL.  At  this  Beating,  I  also  learned  that  An  can  result  due  to  Aw  rssulting  from 
heating.  This,  I  believe,  means  that  the  lightning  associated  events  in  th#  latter 
category  can  be  explained  as  a  consequence  of  heating  of  the  lower  lonoaphera  by 
lightning  diucharges. 

AUTHOR'S  REPLY 

No  reply  needed. 
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Williaa  J.  Burk* 

Omaphysics  Laboratory 
Hanscoc  AFB,  m  01731 


Elena  VllUloo 

Northeastern  University 
Boston/  W  02115 


Fi  t'tv-angl#  scattering  interaction*  of  sleetrOKignetlc  wave*  in  the  ELF  ALT  band*  with,  tupped 
electrons,  «*  fcrsulatad  by  Kennel  and  Pet ache k  [1],  describe  th*  dynaaics  of  the  freshly  filled 
radiation  belts  flux  tifces.  The  natural  existence  of  a  ■slot"  region  with  electron  fluxa*  btlow 
the  Kennel -Fstechek  limit  require*  non-local  save  poorer* .  Me  describe  a  set  of  planned/  active 
experiments  In  which  VLF  radiation  will  be  injected  froa  ground  and  space  based  transmitter*  in 
conjunction  with  the  C3t RES  satellite  in  the  relation  belt*.  These  experiments  will  smasure  the 
Intensity  of  wave*  driving  pitch-angle  diffurion  and  the  electron  energies  in  gyroreaonaoce  with 
the  wave*.  An  ability  to  reduce  the  flux  of  energetic  particle*  trapped  in  the  radiation  belt*  by 
artificial  ssans  could  improve  the  reliability  of  microelectronic  ccnponents  on  earth-abaeving 
•stellites  in  siddls-eltitude  orbits. 
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One  of  epsce  physic's  major  success  stories  of  th#  1960's  was  the  development  of  the  tJwery  of 
pitch-angle  scattering  of  energetic  electrons  trapped  in  the  earth's  radiation  belts  by  ttF/VLP 
radiation  [1].  This  theoretical  model  postulates  that  energetic  electrons  moving  along  magvtic  field 
lines  nssr  the  equatorial  plane  of  the  magnetosphere  see  low-frequency  waves  Doppler  shifted  to  their 
local  gyro  frequencies.  In  consequent,  gyroresonant  interactions  particles  diffuse  in  pitrib  angle 
•long  surface*  of  constant  pheao  velocity.  Particles  diffusing  toward  the  loss  cone  give  sp  mall 
amounts  of  energy  to  wave  growth,  the  model  is  self  consistent  in  the  sense  that  waves  responsible  for 
pitch-angle  scattering  grow  from  background  fluctuation  levels  due  to  the  free  energy  contairsd  in  the 
anisotropic  pitch-angle  distributions  of  trapped  particles.  If  the  anisotropy  of  the  trapped  distribu¬ 
tion  falls  below  s  critical  level  growth  ceases. 

During  magnetic  storm*  the  radiation  belts  fill  up  with  trapped,  energetic  particles  frns  about 
L  ■  I  to  L  *  1.5.  In  the  weeks  following  atoms  the  flux  of  trapped  electrons  in  the  slot  between  L  - 
2  to  L  *  3.5  fell  to  the  thresholds  of  detector  sensitivity,  well  below  the  stable  trapping  liait  of 
Kennel  and  ftrtschek.  Trapped  protons  do  not  show  alot-like  distributions.  Lyons  and  cowrrters  (2] 
recognired  that  waves  responsible  for  the  pitch-angle  scattering  of  slot  electrons  nesd  not  grow  self 
consistently  fras  background  fluctuation  levels.  father,  they  can  be  injected  fraa  non-local  sources 
end  still  pitch-angle  scatter  trapped  electrons  into  the  atmospheric  loss  cone. 
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The  lourcu  of  ELF/VLF  wave*  ace  Multiple  and  their  relative  importance  for  magnet ospher lc 
particle  distribution*  la  the  subject  of  an  ongoing  research.  The  waves  envisaged  by  Kennel  and 
Patschek  arise  naturally  out  of  background  fluctuations  by  selective  amplification.  Atmospheric 
lightning  produces  broad-band  ELP/VLP  emissions.  Part  of  the  radiation  propagates  in  the  earth- 
lonoephere  waveguide  and  part  accesses  the  magnetosphere  in  field-aligned  ducts.  Studies  of  lightning 
induced  precipitation  abound  in  the  literature  [3  -  1).  The  Stanford  group  has  pioneered  techniques 
foe  monitoring  lightning  induced  dumping  of  the  radiation  belts  using  the  SUNY  Albany  network. 

Another  swjor  source  of  VLP  is  nan-made  radiation.  The  Stanford  group  has  made  rxioerou*  studies 
of  smgnstoepheric  effects  of  ELP/VLP  transmission#  from  the  Si  pie  station  in  Antarctica  to  magnetic 
conjugate  points  In  Canada  (7].  The  intensities  of  waves  emitted  from  Si  pie  have  been  measured 
directly  by  the  weve  detectot  experiment  on  satellites  hear  the  equatorial  plane  of  the  magnetosphere 
(•].  A  series  of  successful  experiments  were  conducted  in  the  early  1980*#  in  which  time-coded  VLP 
emissions  from  US  Kavy  transmitters  were  canpered  with  electron  precipitation  events  simultaneously 
detected  by  Che  SEEP  satellite  (9].  Vampolo  (10)  investigated  the  effects  of  a  powerful  VU P  trans¬ 
mitter  at  Gorky  on  radiation  belt  electrons  and  suggested  that  it  maintains  the  inner  reaches  of  the 
slot. 

The  purpose  of  this  paper  is  to  describe  a  group  of  active  experiments  that  will  be  conducted  by 
Geophysics  Laboratory  scientists  after  the  launch  of  the  CRRES  satellite  this  sumner.  in  these 
experiments,  low-frequency  waves  will  be  injected  into  the  magnetosphere  by  several  different  methods. 
Instrumentation  on  CRRES  will  wool  tort  (1)  the  intensity  and  Interactions  of  the  injected  waves,  end 
(2)  the  dynamics  of  electrons  and  pretons  near  the  loss  cone.  The  object  of  these  experiments  is  to 
establish  the  feasibility  of  using  active  technique#  to  control  the  fluxes  of  energetic  particles  in 
the  slot.  A  husan  ability  to  rccvlerete  or  maintain  slot  depletion  would  allow  earth  observing 
•stellites  to  fly  in  orbits  now  considered  too  hazardous  (11] •  Space  Based  Radar  would  profit  from 
this  capability  (12] 

In  the  following  sections  first  review  criteria  for  pitch-angle  scattering  trapped  particles. 
After  suBta&rixlng  the  capabilities  of  CRRES  instrumentation  for  measuring  wave-particle  Interactions, 
we  describe  three  methods  of  wove  injection  using  grourd -based  VLF  and  HE  transmitters,  arid  VLP 
transmissions  frem  the  Soviet  ACTIVE  satellite. 


MOT-fitmaui  wrnacnoMB 

To  understand  slot  dynamics  it  is  necessary  to  consider  whistler  mode  propagation  in  the  radiation 
belts  end  its  interactions  with  energetic  particles.  The  waves  of  interest  are  in  the  ELT-VLP  <0.3- 
30  Mtt)  bands.  Two  empirical  facts  are  used  in  our  staple  models!  (a)  Tbe  earth's  magnetic  field  B 
1s  approximately  dipolar,  and  at  the  magnetic  equator  is  given  by 

<11  •<■*)  -  3.1  •  M*  ♦  IT* 

where  L  is  the  standard  magnetic  shell  nurber.  <b)  The  background  plasma  is  dominated  by  cold 
psrticles  whose  density  is  approximated  (13] 

(2)  niarh  •  3  *  U0  •  (2  /  L)« 

The  high-energy  particles  have  densities  that  are  <  1  car3.  Thus,  wave  propagation  is  well  described 
in  the  magnetized,  cold  plasma  limit.  The  whistler  wave  is  a  right  hand  mode  that  propagates  along  the 
Magnetic  field  if  its  frequency  U)  is  less  tnan  the  electron  cyclotron  Oq*  and  greater  than  the  lower- 
hybrid  UJ  ££  frequencies  at  all  points. 

As  illustrated  in  Figure  1,  whistler  waves  in  the  radiation  belts  in  two  distinct  modes  called 
ducted  and  unducted  (14).  Dxrted  waves  propagate  along  magnetic  field-aligned  plasma  irregularities  as 
in  waveguides,  waves  injected  into  a  duct  can  propagate  from  one  hemisphere  to  it  conjugate  and  back 
many  timet.  (15J.  Unducted  waves  observed  in  the  magnetosphere  never  make  it  to  the  ground.  Ray- 
tracing  studies  [16]  show  that  as  the  waves  propagate  away  fran  the  equatorial  reqion  t).e  contributions 
of  ions  to  the  dielectric  coefficient  grow  in  importance.  As  unducted  waves  propagate  to  locations 
along  magnetic  field  lines  where  their  frequencies  approach  cu  m  their  wave  vectors  turn  and  reflect 
back  toward  the  equator.  The  process  is  analogous  to  total  internal  reflection  at  optical  frequencies. 
Jfcrt:  being  confined  to  propagate  in  a  single  magnetic  shell  these  waves  suffuse  throughout  the  plas- 
raasphere  as  a  broadband  hiss. 

For  waves  and  particles  to  interact  strongly  they  must  satisfy  a  resonance  condition 


(3)  (0  *kv  +  N  Qcej  *  0 


where  If  is  an  integer,  v  the  component  of  particle  motion  along  the  Magnetic  field,  ui  and  k  are  the 
weve  frequency  (in  radians  per  second)  and  the  wave  vector.  In  the  nonrelativistic  limit  the  cyclotron 
f regency  for  electrons  (e)  and  ions  (i)  is  O  oe,i  *  Je  B  /  ay*,i|  where  e  represents  the  elemental 
unit  of  charge,  B  the  magnetic  field  and  ra  the  mass  of  an  electron  or  ion.  A  particle  must  see  the 
«ve  Doppler-shifted  in  to  some  harmonic  of  its  gyro  frequency.  Figure  2  depicts  whistler  interactions 
with  electrons  and  protons.  Electron  interactions  occur  at  the  N  -  -  1,  -2,  ...  harmonics  and  require 
that  they  travel  in  opposite  directions  to  the  waves.  Protons  ir’-eractions  occur  for  positive  values 
of  B  with  the  protons  traveling  in  the  same  direction  and  overtaking  the  waves. 
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Fig.  t,  Ducted  and  undue  ted  whistler  waves  In  the  magnetosphere. 


The  dispersion  relation  for  whistler  waves  propagating  along  the  magnetic  field  near  the  aqua* 
torlal  plane  is  approximately 


elk2  « 

w1  »(n«  •  w) 


> #*t«  Ik Bm  •  I"  •*/  ■*  to!1^2  I*  M»  elytron  pla»a  frwTumc-/  «jmJ  t0  1*  tl*  permittivity  of  ftoe 
apace,  Carbinirg  equations  (3)  and  (4)  shows  that  the  energy  of  renonant  electrons  is 
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For  protons  the  reeonant  energy  is 


where  t*  ■  sV  2  p0  n  is  the  magnetic  energy  per  particle  and  pg  is  the  permeability  of  free  space. 
»n  planning  active  experiments  in  the  radiation  belts  we  estimate  t\  using  the  dipolar  magnetic 
fields  *p!  the  cold  plavna  densities  given  in  equations  (1)  and  (2).  To  study  pitch-angle  scattering 
in  a  given  energy  range  the  only  free  parameters  that  remain  are  the  wave  frequency  and  the  resonance 
harmonic  rufeer  N. 


Fig,  2.  htaonant  Interactions  of  whistlers  with  protons  and  electrons. 


CMC3  (Coofelnad  klHH  Radiation  Effect*  Satellite)  It  tchaiuled  to  be  l*<*«chal  in  Jim  1990  into 
•  IT®  Inclination,  geostationary  tranafer  orbit.  A*  itl  name  suggest*,  CRMS  haa  two  mission  objec¬ 
tive*!  to  study  tb*  effect*  of  chemical  release*  at  high  *ltitu5e«,  and  to  irdermt*nj  the  interaction* 
Of  advance*!  microelectronic*  component*  with  natural  radiation  environment*.  Detailed  description*  of 
the  comprehensive  ecientlflc  payload  on  CURES  have  boon  conpiled  by  fcasenhoven  and  cawrkers  1171. 
Poe  the  studies  discussed  below  three  instruments  are  germane  and  are  described  briefly.  These  ere  the 
tow  Bwrgy  Please  Analyser  (Lina) ,  the  Pisans  Wav*  Experiment  and  a  Unryiulr  Probe, 

The  LEPR  experiment  wee  daeigned  to  measure  the  three  dimensional  distribution  function  of  ion* 
and  electrons  with  energies  between  10  eV  end  30  I t*v.  The  particle  dietributicn  function*  ere  aeeeured 
by  two  300°  spherical  electrostatic  analysers.  Each  aeneor  constats  of  two  concentric  spherical 
plates.  On  one  edge  the  spec*  between  the  plate*  it  closed  off  except  for  a  5.6°  by  113°  aperture.  I 
MicroChannel  plat*  is  placed  at  the  other  edge.  The  energy  analyst*  1*  achieved  by  charging  the 
electrostatic  potential  batween  the  plate*.  The  Instilment  focusing  1*  *uch  that  particle  pitch  angle* 
at*  Imaged  on  the  alcrodraonel  plate  to  an  accuracy  of  better  than  1  degree.  The  particle  position* 
are  divided  l.ito  sixteen  lo  bin  can  be  resolved  into  eight  1°  tones.  Because  the  limited  telenet ry 
doe*  not  allow  the  full  data  set  to  be  tranaalttad  to  ground,  a  microprocessor  has  been  programs!  to 
•elect  desired  sampling  pattern*. 

Pert  idea  that  are  in  resonance  with  given  wav*  mod*  can  be  identified  by  means  of  a  correlator 
device  (1(1  that  measures  the  time  of  arrival  of  electron*  or  lone  In  an  t®  sector  with  a  high- 
frequency  clock,  the  microprocessor  than  preform*  autocorrelations  to  identify  bunching  of  the 
particles.  During  active  experiments  the  microprocessor  will  select  the  bln  closest  to  the  direction 
of  the  local  aognetlc  field  to  study  the  dynamics  of  particles  tn  and  near  the  atmospheric  loss  cone 
and  Identify  the  wave  stoles  responsible  for  resonant  pitch-angle  scattering. 

Itw  Passive  Wave  Experiment  was  designed  by  the  university  of  law*  to  measure  electric  end 
magnetic  fluctuation*  over  a  dynamic  rang*  of  104  db  using  a  100  a  tip-to-tip  dipole  and  a  search  coil 
magnetometer.  The  instruments  will  operate  in  swept  frequency  an]  fixed-filter  mode*.  The  swept 
froqaency  analyzer  covert  the  range  from  100  H*  to  400  kHl  In  12t  steps,  for  wave  frequencies  In  the 
VIE  bend  both  electric  and  magnetic  spectra  be  compiled  every  16  *.  The  fixed  filters  will  be  used  to 
compile  a  14  point  spectrum  with  center  frequencies  between  5.6  Kx  and  10  kHz  eight  times  per  second. 

The  Lenqeuir  probe  experiment  camlet*  of  e  100  m  tlp-eo-tip  dipole  that  uses  spherical  aeneor* 
each  containing  e  presrpllfier  with  a  1  WHr  bandwidth.  The  instrument  can  be  used  in  either  a  low- 
impsdanne  mode  to  measure  the  plasms  density  or  e  high- impedance  mode  to  measure  electric  fields.  It 
contains  two  microprocessors ,  one  controls  ordinary  operations  end  the  other  e  "buret  manory"  device. 
The  buret  manory  hold*  192  kbytes  and  can  be  filled  with  data  fra*  the  Plasm  Have  and/or  Langrult 
Probe  Experiment!  et  rate*  up  to  60  kHx.  The  measured  parameter*  and  collection  rates  ere  controlled 
by  ground  casual.  Data  of  the  desire]  kind  will  be  continually  fed  through  the  buret  memory  as  a 
buffer.  Wwi  the  microprocessor  recognire*  some  specified  event,  it  will  save  e  nail  amount  of  pre¬ 
event  data  and  proceed  to  fill  the  burst  smeary.  *  rapid  increase  tn  the  wave  activity  measured  near 
the  central  frequency  of  s  fixed-filter  channels  will  probably  be  used  to  trigger  burst  memory  date 
collections  during  the  experiments  described  below.  After  the  memory  1*  filled,  data  will  os  elewly 
leaked  to  the  main  tape  recorder  for  later  tranmiisslon  to  ground. 
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Pig.  1.  Have  injection  experiments  frm  ACTIVE  to  C3S2S. 
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In  thit  section  we  diacusa  a  rv*rt«of  of  active  techniques  for  injecting  jnd  diagn?  ;ng 
mrm  In  the  radiation  belts.  The  exp<?rlrr*rt  concept  i«  illustrated  rchatw»tica;ly  in  jura  J.  The 
antennas  uomd  to  transit  snergy  into  the  radiation  belt*  nay  operate  in  either  the  VU  or  »  rugae 
and  May  be  either  groom  or  spore  basod.  For  simplicity  ws  first  consider  thn  caee  of  tram  lagans 
Iran  the  polar  orbiting  ACTIVE  aatvi  1  its.  fris  si  lows  us  to  11  luatrit*  the  principles  that  apply  to 
•sperinmnt  planning  and  aasily  extend  to  ground-haaad  tranaai salons. 

ths  ACTIVE  satellite  was  launched  on  28  •^Jteroer  1985,  into  polar  orbit  with  an  apogee,  perigee 
and  Inclination  of  2500  tas,  500  ton  and  83o,  respectively.  The  prime  experiment  is  s  VLF  generator  that 
pnvnt >  a  single  turn  loop  antenna  o.'  -0  »  diameter.  The  anitt«ri  frequency  falls  in  the  rang*  fraa  t.O 
to  10.5  fcH2  end  la  coi-iolled  by  ground  cerr-xnd.  There  are  eight  preprogramed  on/off  emission 
Sequences  that  any  be  selected.  Because  the  loop  antenna  failed  to  deploy  properly  the  as  it  ted  power 
frets  ACTIVE  is  wall  below  its  planned  10  kW  value. 

the  tatee  of  orbital  precession  Tor  the  ACTIVE  and  CARES  satellites  ere  -  1.65  and  0.6?  degrees 
per  day.  this  iapi  iee  that  within  «  few  t north*  of  launch  the  orbital  planes  of  the  two  spacecraft  will 
overlap  Cavotably  for  conducting  experiment*  in  which  VLF  radiation  can  be  twitted  frera  ACTIVE  and 
received  by  CRREJ.  Since  ACTIVE  changes  magnetic  latitude  quite  rapidly  relative  to  the  near  equa¬ 
torial  OtRES,  It  la  necessary  to  determine  the  useful  locations  for  conducting  transmission  and  pitch- 
angle  scattering  experiments,  Figure  4  plots  t>*  equatorial  cyclotron  and  plasma  frequencies  derived 
for  tha  Magnetic  field  aid  plasma  densities  given  in  equations  (1)  and  (2)  as  fm^lons  of  L.  Ms  also 
indicate  ACTIVE'S  amission  bond.  The  figure  l.idicatee  that  this  radiation  can  only  propagate  to  the 
equator  for  L  shells  less  than  4.  At  greater  distances  ACTIVE'S  radiation  cannot  reuch  CRRES. 


Fig.  5.  tnergies  of  electrons  resonant  with 

fig.  4.  Electron  cyclotron  and  plasma  f re-  ACTIVE  emissions  for  N  •  -  1  and  -  2,  at 

quenciee  at  the  magnetic  equator.  the  magnetic  equator  as  functions  of  U 


0* log  aquations  (1)  and  (2)  we  calculate  that  tlm  magpie  energy  per  particle  Is  50  kav/  l*. 
With  an  mission  frequency  fran  ACTIVE  of  9.6  kKx,  the  ratios  Oc^Ul  and  fici/m  are  90.4  /O  and 
0.1l/T^#  respectively  .  In  Figure  5  we  have  plotted  the  energies  of  electrons  that  are  resonant  with 
9.6  kHz  wsrw*  *t  the  equator  using  equation  (5)  for  the  first  two  harmonics.  At  distances  (.  >  2.5 
(>  3J  the  energy  of  resonant  electrons  is  in  range  of  LEPA's  sensitivity  for  the  M  •  -1  (**  2)  haraordc 
Interaction.  Higher  hanaonic  Interactions  can  be  detected  by  high-energy  cJet'xrtors  but  with  coerser 
pitch-angle  resolution  than  LEPA.  At  off  equatorial  latitudes  the  magnetic  energy  per  particle 
Increases  leading  to  higher  energies  for  resonant  interactions.  Mote  that  CRRES  can  detect  resonant 
Interactions  resulting  from  directly  Injected  waves  only  if  the  two  spacecraft  are  in  opposite 
heal  spheres.  Resonant  interactions  can  occur  at  tha  location  of  CRRES  with  the  satellites  in  the  sane 
hemisphere  If  the  waves  mdergo  internal  magnetospheric  reflections.  Protons  Interacting  with  whistler 
waves  emitted  by  ACTIVE  at  ths  first  harmonic  must  have  energies  >  1  MeV.  Higher  harmonic  interactions 
take  piece  at  lownr  energies. 

There  ere  two  methods  for  Injecting  VLT  waves  into  the  magnetosphere  from  the  ground,  directly 
from  VLF  transmitters  or  indirectly  fran  HP  ionospheric  heaters.  Many  direct  VLF  Injections  have 
Already  bean  cited.  The  Siple  transmitter  had  flexibility  in  its  emitted  frequencies.  However,  Siple 
was  closed  then  Antarctic  lot  crushed  the  station.  Imhof  and  coworkers  carried  out  exper  ken  ts  using 
VLF  tcanjMsltters  at  a  nurbet  of  fixed  frequencies  used  by  the  O.S.  Mavy.  These  can  be  repeated  with 
OWES.  Consistent  with  StEP  measurements  (9 J ,  frequencies  >  20  kHz  will  interact  with  electrons  In 
UDVs  energy  range  at  L  >  2. 

Indirect  Injections  of  VLF  waves  Into  the  radiation  belt*  can  be  accanpl l shed  by  two  methods.  H» 
first  is  through  modulation  of  ionospiierlc  currents  and  the  second  through  beat  waves.  Ionospheric 
Currant  modulations  have  been  achieved  by  s  modulated  busting  of  the  O  region  of  the  Ionosphere  {19- 
20] .  The  bawic  concept  is  that  the  HP  waves  heat  the  ionospheric  electrons  and  thus  increase  the  iono¬ 
spheric  conductivity,  if  the  maplitude  of  che  heater  is  modulated  at  VLF  frequencies  the  Ionospheric 
currents  are  also  modulated,  turning  them  into  a  virtual  antenna  in  space.  Trakhtengert*  {21] 
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Fig.  f.  B-ergies  of  elac- 
trono  and  proton*  resonant 
at  tha  ft  cat  ha  monte  with 
whistlers  at  rxt. 


suggested  that  thia  technique  can  ba  adopted  to  turn  whole  flux  tubas 
Into  a  easer-like  device  In  which  injected  wave*  grow  to  large 
amplitudes.  Quantitative  conditions  required  (or  growth  with  parallel 
wave  propagation  have  been  explored  by  Villalon  and  rauorkera  (22). 
Ionospheric  current  modulation  techniques  have  the  advantage  of 
flexibility  over  fixed  frequency  transmitters.  However,  while  waves 
eiitted  from  virtual  ionospheric  antennas  have  been  detected  at  the 
grout),  little  is  knmn  about  the  efficiency  with  which  they  tramslt 
across  the  ionosphere  into  deep  space.  The  wave  detectors  on  CRStS 
will  reduce  thia  mcertainty. 


A  aecond  method  for  indirect  VLF  Injection  involve*  the  use  of 
beet  waves.  Different  sectors  of  the  Arecibo  antenna  can  radiate  at 
selected  frequencies  whose  difference  lies  in  the  VLF  range.  This  also 
provides  flexibility  for  studying  resonant  interactions  in  LEPA's 
energy  rang*  near  L  •  2.  Tha  W  haater  also  provides  a  means  for 
enhancing  the  afficlancy  of  wave  injections.  If  tha  ionosphers  Is 
heated  for  about  tan  minutes  prior  to  VLF  turn-on,  it  develops  field- 
aligned  thermal  strlatione  123).  Induced  irregularities  can  enhance 
VLE  transmission  through  the  lonoephcre  either  along  artificially 
created  ducts  or  off  strategically  located  mattering  centers.  Figure  6 
plots  ths  resonant  energy  of  electrons  and  protons  at  the  first 
harmonic  at  L  -  2  as  a  function  of  frequency.  Resonant  electrons  In 
LBA'a  range  of  sensitivity  rsquire  lnjactad  wave  frequencies  >  20  kHz. 
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DISCUSSION 


t.  UfWVM,  PR 

In  a  paper  you  co-authored  with  Dr.  Vlllalan  you  auggaatad  to  heat  the  foot  of  the 
flux  tube  where  the  Interaction  takas  place.  Do  you  plan  to  do  It  In  your  CURES 
experiment? 

AUTHOR'S  REPLY 

Tha  ORES  experiments  ara  designed  for  olngla-hop  whlatlara.  To  hast  tha  conjugate 
point  for  the  Alfvan  aaaar  would  require  a  two-hop  whistler.  If  It  happen*,  CERES 
oould  aaa  It. 
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MODIFICATION  OF  THE  LOWES  IONOSPHERE  IN  LIGHTNIN'G-INb’JCED 
ELECTRON  PRECIPITATION  EVENTS  AND  THROUGH  VLF  HEATING 

by 

Dana  S.  bus 

STAR  Laboratory,  Stanford  University 
Stanford.  CA  94305 
USA 

SUMMARY 

Different  mechanisms  by  which  VLF  ww  from  ground-based  sources  modify  the  nighttime  lower  ioooephere  (D-region)  are 
dlantaaed  One  process  by  which  the  ioooephere  it  rcguliriy  d,.njrbeJ  involves  the  precipitation  of  than  (<2s)  buna  of  energetic 
(>40  keV)  elect  on  oat  of  the  radiation  be  la  in  gyrorcsonam  interectionj  with  whistler  waves  launched  by  lightning  dischargee.  A 
second  process  Involves  direct  up-ard  coupling  of  lightning  electric  fields  to  the  lower  ionosphere  leading  to  intense  electric  fields 
ad  kmUatiott  enhancements.  A  third  process  is  the  heating  of  the  lower  ionosphere  by  upgoir.g  VLF  waves  from  ground-based 
srenunltten  and  lightning.  leading  so  tip  to  103%  increase  in  election  temperature  at  80-90  km  altitudes  [1). 

I.  IONOSPHERIC  MODIFICATION  IN  UGHTNtNG-INDUCFD  ELECTRON  PRECIPITATION  (LE P)  EVENTS 
A  anbatadal  body  of  evidence  has  recendy  emerged  indicating  that  the  nighttime  lower  ionosphere  is  regularly  disturbed  by 
energetic  (X0  keV)  eketron  buna  that  are  precioitasnd  out  of  their  trapped  radiation  belt  orbits  itt  gyrorcsonam  interactions  with 
Hghming'tenc rated  whistlcn.  While  electron  precipitation  bursa  have  been  observed  on  satellites  [2]  and  on  rocken  [3A1.  the 
overwhelming  evidence  for  the  occurrence  cheracrensdcs  aao  geographic  distribution  of  LEP  events,  and  the  causative  associatioa  of 
dw  obaerred  ionczpberic  signatures  with  whistlers  tnd  lightning,  have  been  obtained  by  means  of  ground- based  VLF  remote  sensing 
of  the  aighaltne  D-rcgtun  (5,  6.  7,  8,  9,  10,  It,  12.  13,  14).  Examples  of  ground-based  signatures  of  LEP  evena  are  shown  fat 
Figure  1,  together  with  the  locatiotis  of  causative  lightning  that  was  available  for  that  case  [II).  The  chiraceristic  VLF  signatures  of 
doe  treats  are  caamonly  referred  to  as  Trvtpi  evena  end  involve  a  rapid  (<  2  ■)  onset  followed  by  a  relatively  longer  (10-100  a) 
seoovesy.  representing  the  recoabinztiao  and/or  attachment  of  the  enhanced  secondary  ionization  produced  by  the  energetic  electrons. 
The  typical  drossy  profiles  of  icncsplreric  disturbances  in  evena  observed  at  mid  latitudes  (2  <  L  <  3)  are  believed  to  be  at  shown 
h  Figure  2  [15].  Both  amplitude  and  phase  of  the  subionaepheric  signal  exhibits  basically  similar  signatures  as  shown  in  Figure  3. 
with  differences  in  the  amplitude  and  phase  responses  reflecting  the  altitude  profile  of  enhanced  ionisation  [16). 

la  the  pan  few  years,  Stanford  University  has  developed  a  network  of  VLF/LF  remote  tensing  observations  in  the  northern 
hemisphere,  distributed  across  the  continental  United  Stares,  and  at  Palmer  Station,  Antarctica,  as  shown  in  Figure  4.  Observations 
M  3  locations  fat  the  north  of  signals  from  6  different  VLF  transmitters  (aee  Thble  1)  is  used  to  monitor  ionospheric  disturbances 
occurring  an  or  near  a  crisscrossing  set  of  autaosespherie  paths,  with  the  potential  for  ‘imaging'  the  location  and  snuemre  of  the 
Astobed  ionospheric  regions. 

An  example  illustrating  me  possible  use  VLF  data  for  soch  imaging  is  drown  in  Figure  5.  Here,  the  up  pearl  shows  a  30-min 
mqneacr.  of  evena  observed  on  the  48.5-SA  path  on  10  October  1987.  The  evena  are  dearly  identifiable  on  the  basis  of  their  known 
(kaaftrriitr  signature  mentioned  above.  The  simultaneous  record  of  the  NAA-SU  signal  (lower  panel),  shows  a  perturbation  m 
about  the  same  time  with  the  first  tnd  largest  event  on  the  48.5  SA  path  occurring  at  t »—  180s.  (Tire  drop  in  the  NAA  signal  level 
between  —280-310 1  was  recorded  at  all  stations  tad  is  attributed  to  untmtptioi  of  the  transmission  at  the  source.) 

The  amnhaneity  of  the  two  evena  at  higher  resolution  is  tilssaited  in  Figure  6.  The  left  hind  panels  show  a  200-1  dan  record  of 
At  48-5-5 A  and  NAA-SUrigtsala,  at  well  a*  the  amplitude  of  the  48.5&/.15  kHz  charnel  as  observed  at  Stanford  (4S5-SU  signal). 
While  no  characteristic  amplitude  changes  are  observed  on  the  48  J-SU  path,  this  channel  is  useful  as  a  means  of  identifying  causative 
radio  atmospherics  superimposed  on  the  relatively  weak  transmitter  signal.  In  the  case  shown,  a  clear  isolated  spike  in  the  48.5-SU 
t  is  apparently  coincident  with  the  Dimpf  events  on  the  upper  two  panels.  The  panels  on  the  right  show  a  further  expanded 
Vinson  of  the  data.  In  this  10-s  record  displaying  the  raw  daa  with  no  time  averaging,  the  radio  atmospheric  la  dearly  visible  in 
the  48.5-SU,  48.5-SA,  and  NAA-SU  channels.  The  Trtrapi  event  in  the  48.5-SA  channel  displays  all  the  classical  features,  including 
a  —  1.2  l  delay  between  causative  atmospheric  and  event  onset,  as  well  as  an  —  0  J  I  risetime  indicative  of  the  duration  of  the 
ptecipaation  bom,  consistent  with  the  predictions  of  tfcoretkal  models  of  whistler-induced  pitch  angte  scattering  and  precipiatioa 
of  electrons  [17).  The  simultaneous  Trimpi  event  in  the  NAA-SU  channel  is  less  well  defined,  but  basically  has  the  same  temporal 
characteristics  as  the  48.5-SA  event 

The  association  of  radio  atmospherics  with  TVimpi  event  onsets  is  generally  established  on  the  basis  of  repeatibility  of  the 
aignannei.  Similar  spheric  signatures  (sharp  peaks  preceding  the  event  resets  by  —1  s)  were  observed  in  at  least  one  or  more  of  the 
receiver  channels  for  all  the  evena  observed  an  tire  48.5-SA  signal  that  are  displayed  in  tire  upper  panel  of  F.gure  5. 

The  simultaneity  of  tire  evena  observed  on  the  48.5-SA  rad  NAA-SU  is  consistent  with  an  ionospheric  disturbance  in  the  vicinity 
of  the  crossing  point  of  these  two  paths,  subject  so  certain  assumptions  as  discussed  in  [18).  Equally  important  in  this  consideration 
is  the  absence  of  evena  on  my  of  tire  other  VLF  pasha  that  were  observed  on  SU  and  SA  on  this  day  (no  daa  was  available  from 
LM  for  10  Oct  1987)  and  HU  and  AR  observations  bad  not  yet  touted  in  1987. 

The  association  cf  observed  evena  wife  diced  whistlers  from  the  magnetosphere  is  shown  in  figure  7.  Here,  a  25  minute 
sequence  of  Tiicnpi  evena  observed  on  the  415  kHz  signal  at  Huntsville  (HU)  are  shown  on  the  top  panel.  The  first  two  of  these 
asu  shown  in  the  lowest  panel  at  higher  resolution  together  rith  the  associated  ducted  whisdesi  (middle  pane!)  observed  8  Palmer 
Station.  Antaictica  The  Trimpi  evena  are  very  well  defined  amplitude  changes  of  up  to  20%.  For  fee  case  shown,  the  whistler  daa 
was  only  available  during  synoptic  periods  of  1-minute  out  of  t-  tty  five. 

The  potential  use  of  subioeospberic  VLF  daa  extract  information  concerning  the  shape  (altitude  profi' ,)  cf  the  secondary  ionization 
in  fen  disturbed  region  is  shown  in  figure  8.  The  top  panel  shows  a  aeries  of  evena  on  the  48.5-UiI  signal  consisting  of  negative 
amplitude  changes,  except  tor  one  event  which  exhibia  a  positive  change  in  amplitude  as  well  as  sn  unusual  recovery  signature.  The 
second  and  third  panda  show  tics  event  at  two  different  resolutions,  better  illustrating  the  overall  recovery  as  well  is  the  sharp  initial 
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recovery  portion  that  takes  place  within  fee  firtt  aecood  after  the  amplitude  change.  Such  exceptionally  npid  recoveries  hw  is  the 
put  been  interpreted  as  being  due  to  MeV  electrons  thu  penetrate  to  and  create  ionization  at  altitude*  as  low  a*  50-70  km  fU£  The 
bottom  two  panels  show  the  4SJ  kHz  signal  observed  at  Area  bo  (AR),  with  striking  difTere'xx*  in  signature.  The  ampliwdr  change 
M  AR  is  negative,  followed  by  l  typkrai  exponential  recovery.  The  difference*  In  sigrurnrs  between  AR  and  HU  are  inigyaed  to 
bt  due  to  (he  high  energy  (deep  perrtrating)  component  of  the  precipitin  on  burst  which  produces  ionization  at  low  alctada  and 
adectively  perturb*  die  higher  order  wsveguxle  mode*.  These  mode*  add  up  »  produce  a  positive  amplitude  change  at  HU.  fy  the 
th—  (be  signal  reaches  AR,  the  higher  order  modei  are  attenuated  and  the  signal  consists  of  lower  order  modes  which  are  sot  as 
Wksidve  » ionization  at  the  lower  altitudes.  It  appezn  that  the  diversity  of  waveguide  modes  available  on  there  relatively  short  VLF 
paths  nay  reveal  such  information  concerning  the  energy  spectrum  of  the  precipitation,  especially  when  used  in  connecooa  wife 
quantitative  models  of  VLF  propagation  in  the  earth- iooosphere  waveguide  [15). 

|  1  MJBIONOSFHERIC  VLF  EVIDENCE  OF  DIRECT  UPWARD  COUPLING  OF  LIGHTNING  TO  THE  IONOSPHERE 

While  many  Trim  pi  events  display  the  tcmponJ  features  (onset  delay  and  duration)  consistent  with  that  expected  oa  the  basis 
of  a  high  altitude  whistler-particle  interaction  ( 17),  either  early  (onset  delay  <  50  ms)  or  fast  (onset  dun  bon  <  50  ms)  eveaa  have 
been  reported  (II,  12).  While  the  quantitative  mechanisms  for  such  phenomena  are  not  yet  known,  they  may  be  a  murifesatioo  of 
ionospheric  heating  produced  by  the  VLF  cnerg)  from  lightning  [1)  together  with  other  types  of  direct  coupling  of  lightning  energy 
qtlOfte  lower  ionosphere.  In  this  subsection,  wc  present  two  examples  of  such  events. 

Rgure  9  shows  three  of  a  aequence  of  events  observed  on  13  May  1987  that  were  previously  reported  [I2J.  The  captioa  is  self 
explanatory  and  more  details  are  provided  in  the  original  paper 

Figure  10  shows  i  composite  illustration  of  an  isolated  event  at  both  low  and  high  time  resolution  as  well  as  a  map  showing 
only  the  perturbed  subioootpheric  paths.  The  left  hand  panels  show  300- s  records  illustrating  the  perturbations  on  the  NSS-LM, 
NAA-SA,  NAA-SU,  and  NAU-LM  paths.  Superimposed  on  the  latter  signal  it  an  intense  impulse,  Le_  a  radio  atmospheric,  that 
Minds  out  clearly  among  odv-r,  weaker  impulses.  A  mall  amplitude  increase  ts  nevertheless  clearly  visible.  The  association  of  this 
atmospheric  with  the  NSS-LM  event  unset  at  high  resolution  is  shown  in  the  right  hand  panels,  together  with  the  output  of  a  2-4  kHz 
peak  daector  (uwd  jpecifically  for  Alerting  iphrrics)  it  LM,  which  ilso  ttgisten  the  intense  radio  ionospheric.  While  te  mini] 
put  of  the  responie  on  the  NSS-LM  ligml  it  probably  the  interference  of  the  rpheric  energy  in  this  chimel,  the  Aliy  between  the 
pe*  of  the  radio  tiraorpbrric  and  the  event  onset  could  at  most  be  as  long  as  the  duration  of  the  spheric,  or  <  200ms.  We  core  that 
fee  onset  delay  predicted  by  theoretical  models  on  the  basis  of  whistler -electron  scattering  for  the  Z-shcIl  of  the  presumed  perturbed 
legxw  is  —  1.5  i  [17J.  On  this  basis,  this  pernrrt'arion  event  is  not  likely  to  be  caused  by  whistler- induced  pitch  angle  waring  in 
the  magnetosphere,  but  L  more  likely  to  be  another  example  of  direct  coupling  of  lightning  energy  op  to  the  ionosphere.  Because 
of  the  interference  from  the  spheric,  we  canr.c?  determine  whether  the  riretime  uf  the  event  onset  is  unusually  'fast*.  However,  the 
event  does  appear  to  fit  the  category  of  'early*  events  as  reported  before  (11). 

The  event  illustrated  in  Fig’ire  10  was  an  isolated  one,  with  no  similar  amplitude  changes  registered  on  the  NSS-LM  signal  (or 
oa  any  of  fee  other  three  signals  shown)  during  the  0500-0600  UT  period  on  this  day.  In  spite  of  this,  the  likelihood  of  fee  event 
being  l  chance  coincidence  between  the  spheric  and  VLF  changes  is  small,  since  the  observed  spheric  was  by  far  the  moss  intense 
daring  this  same  period.  Furthermore  the  S UN Y- Albany  cast  coast  lightning  detection  network  measured  isolated  cloud  o-ground 
bghtnhtg  activity  within  the  200  x  200  km  region  encompassed  by  the  paths  during  this  hour  [19].  The  data  appears  to  indicate  that 
s  ~  200  x  200  km  region  of  tk:  ionosphere  encompassed  by  these  four  signals  is  directly  perturbed  in  an  individual  event  While 
examples  of  such  direct  coupling  observed  on  individual  VLF  paths  have  been  previously  reported,  this  rcsuh  is  our  first  ghmpst  of 
fee  the  of  fee  regions  that  may  be  affected. 

3.  IONOSPHERIC  MODIFICATION  THROUGH  VLF  HEATING 

A  controlled  wave -injection  experiment  with  a  283  kHz  transmitter  having  a  radiated  power  of  100  kW  has  recently  revealed 
evidence  of  ionospheric  hearing  by  the  VLF  waves  (1).  The  ionospheric  disturbance  caused  by  the  injected  VLF  signal  was  desected 
by  meant  of  Che  transfer  uf  its  modulation  to  a  second  VLF  signal  in  the  same  manner  as  the  Luxembourg  effect  [19].  Cakaliriorts 
Indicate  feat  fee  observed  effect  can  be  attributed  to  result  in  a  30%  enhancement  in  fee  electron  temperature  at  85  kn.  This  process 
abo  repreaents  a  new  means  of  direct  coupling  cf  lightning  energy  to  the  lower  ionosphere.  In  this  paper  we  briefly  summarize  this 
recently  reported  rcsuh  (1)  and  also  present  an  example  of  data  not  previously  shown. 

The  VLF  wave -injection  experiment  was  carried  cut  during  Spring  tod  Fall  1989  in  order  to  stimulate  the  precipitation  of 
electrons  from  the  inner  radiation  belt  It  was  found  that  the  amplitude  of  the  24.0  kHz  NAA  transmitter  (Maine)  signal  observed  at 
Palmer  Station  (PA),  Antarctica  exhibited  the  modulation  pattern  of  the  23.5  kHz  NAU  transminer  (Aguadilla,  Puerto  Rico),  which 
was  being  keyed  nightly  for  0335-0350  UT  anj  0735-0750  UT  with  a  5-s  periodic  format  (3sON/2sOFF).  The  NAA-PA  great-circle 
path  crossed  within  <50  km  of  the  ionosphere  above  NAU  (Figure  11). 

Superpose d-epoch  and  spectral  analyse*  of  the  various  signal  amplitudes  received  at  Palmer  were  conducted  to  search  for  effects 
of  fee  5-s  periodicity  and  fee  results  for  21  Oct  89  are  shown  in  Figure  12.  Here,  the  NAA-PA  signal  clearly  exhibits  the  3s  ON/2s 
OFF  pattern  in  terms  of  a  decrease  (0.07  dB)  simultaneous  (analysis  Indicates  <20  ms)  with  the  keying  OFF  of  the  NAU  signal  at 
t  m  3a.  The  NSS-PA,  as  well  as  other  transmitter  signals  observed  at  Palmer,  did  not  show  any  evidence  of  3s  ON/2s  OFF  keying. 

The  spectral  analysis  as  shown  in  the  boo  on  panel  shows  fee  5-s  periodicity  as  a  clear  (>  10  dB  above  background)  peak  at  0.2 
Hl  Dta  from  other  15-min  periods  both  before  and  after  the  period  shown  were  similar!)  analyzed,  and  no  evidence  of  feectral 
peaks  (>3  dB  above  background)  were  found.  Similar  analysis  on  the  amplitude  of  the  NSS-PA  signal  did  not  show  any  rgnaturcs 
of  fee  NAU  keying. 

Analysis  cf  fee  data  from  the  two  6-week  periods  of  keying  experiments  in  Spring  and  Fall  of  1989  indicate  that  spectral  peaks 
>5  dB  above  background  at  0.2  Hz  were  observed  on  the  NAA  PA  on  the  average  about  1-2  times  a  week.  It  is  not  clear  whether  lack 
of  a  spectral  signature  is  due  to  fee  absence  of  hearing  or  the  relative  insensitivity  of  fee  NAA-PA  signal  to  •  localized  disturbance 
relatively  far  away  from  the  receiver. 

The  frequency  dependence  of  heating  is  shown  in  Figure  13  [I].  We  note  that  the  perturbation  at  85  kn.  is  maximum  far  50-60 
kHz.  with  heating  decreasing  rapidly  beyond  60  kHz  to  <10%  for  >300  kHz.  There  is  a  broader  maximum  for  fee  80  km  altitude 
wife  fee  change  in  collision  frequency  A u  re  20%  for  4-90  kHz. 
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Theoretical  rat  on  HF  beating  of  the  D-rejjon  typically  considered  cases  with  the  wtve  frequency  bring  much  msQer  than  the 
electro*  frequency  (w  >  y)  (20).  In  our  wort,  we  consider  the  foO  magneto- ionic  expression  that  does  not  require  u  >  v. 

For  the  VIF  mge,  we  tnd  tsv  comparable  to  v,  indicating  that  the  besting  effect  it  more  significant  than  for  >200  kHx  [I], 

The  amplitude  of  the  heating  wive  near  83  km  for  the  case  in  Figure  12  is  estimated  to  be  —12  mV/m.  Since  traasiem  electric 
fkUs  fro*  lightning  of  up  to  30  m\7m  have  been  observed  in  the  ionosphere  [21),  localised  enhancements  in  v  should  be  readily 
produced  is  association  with  lightning  discharges,  representing  a  new  means  of  direct  modification  of  the  lower  ionospheric  plasma  by 
hghmlng  Lightning- associated  conductivity  changes  observed  on  rockets  and  usiloons  [22)  can  thus  he  due  to  the  localised  beating 
effect*,  and  some  of  the  observed  rapid  changes  in  subionospheric  signal  amplitudes  as  shown  in  Figures  9  and  10  may  be  caused 
by  modification  of  the  estth- ionosphere  waveguide  mode  structure  due  to  the  enhanced  v.  However,  effects  involving  slow  (10-100 
a)  recovery  are  fikely  to  involve  otiter  mechanisms  (leading  to  generetion  of  ionization  enhancements)  operating  in  conjunction  with 
heating  One  such  possibility  that  needs  to  be  further  investigated  ia  the  modification  of  the  effective  recombination  tare  during 
healing  which  may  lead  to  an  enhanced  density  [24], 

The  ability  so  substantially  heat  the  lower  ionosphere  with  VLF  signals  could  lead  to  a  new  set  of  controtied  experiments  to  evaluate 
tike  effects  of  ionospheric  disturbances  of  known  configuration.  Comprehensive  [ground-fridan)  and  rocket-based)  measurements  are 
yarn  needed  in  order  to  folly  understand  the  extent  of  the  effect  Conductivity  changes  resuiting  from  the  heating  could  possibly  be 
■rainxl  o  genera te  ULF  waves.  Powerful  VLF  transmitters  and  thunderstorm  centers  may  be  a  continuous  source  of  heating  for 
the  overhead  ionospheric  regions.  The  possibility  of  D- region  heating  by  VLF  transmitters  or  lightning  lending  to  the  formation  of 
whistler  ducts  needs  so  be  evaluated.  New  experiments  are  now  planned  with  more  powerful  transmitters  such  is  the  NAA  facility 
i*  Cutler.  Maine. 
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TABLE  1.  VLF/LF  Transmitters. 


Frequency 

Latitude  Loogimae 

NPM 

USN  Hawaii 

23.4  kHz 

21*N 

158*W 

NAU 

USN  Puerto  Rico 

28.5  kHz 

I8*N 

6rw 

NAA 

USN  Maine 

24.0  kHz 

45*N 

67*W 

NLK 

USN  Wellington 

24.8  kHz 

48*N 

122*W 

USAF  Nebraska 

48  J  kHz 

<2*N 

98*W 
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Hgoe  ffiustrttian  of  the  subiooospheric  VLF  remote  tensing  techniqi«e  for  measurement  of 
ionospheric  density  variations  1 1  altitudes  of  &5  bn  or  below.  The  top  panel  depicts  the  effect  on 
a  ttbiooorpheric  path  nf  a  localired  iononheric  ‘depression*.  The  lowest  panel  shows  reception 
at  Lake  Mistissbii,  Qcebec  of  the  2JL5  kT&  signal  from  the  NAU  transmitter  tn  Puerto  Rica 
The  vertical  acale  shows  signal  amplitude  A  on  a  linear  scale  with  arbitrary  units,  with  A  -  0 
representing  absence  of  signal.  The  time  T  ■  0  corresponds  to  the  UT  time  given  in  the  upper 
right  comer.  The  Vs  on  the  map  are  locations  of  cloud- to- ground  lightning  flashes  that  occurred 
during  the  0430-0500  UT  period  shown.  The  characteristic  VLF  perturbations  (rapid  decreases 
followed  by  slow  recoveries)  were  found  to  be  causativtly  associated  with  individual  lightning 
flashes  [12]. 


10'4  10'*  10*  to'  10*  10'  to*  10*  10* 

Mtctrwi  density  (cm*) 

Reuse  2:  Plot  of  an  ambient  nighttime  electron  density  distribution  and  a  typical  ionospheric 
distui  bonce  profile  corresponding  to  electron  precipiation  bursts  produced  by  lightning-generated 
whistlers  propagating  at  I  ■  2.5.  A  typical  value  of  200  ms  was  assumed  for  the  duration  of 
the  precipiation  burst  at  a  peak  energy  flux  level  of  10"J  ergs/cm2-i  (17). 
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Hgnie  3:  Illustration  of  the  observation  geometry  and  event  examples  at  Palmer  Station,  Antarc¬ 
tica.  The  two  panels  show  the  phase  (upper  panel)  and  amplitude  (lower  pane!)  of  the  signal  horn 
the  23.4  kHz  NFM  transmitter  in  Hawaii  as  observed  at  Palmer.  The  characteristic  variations 
are  dearly  seen  and  are  nearly  always  aasoeiased  with  magnetosphere  whistlers,  also  observed 
at  Palmer  Station  (7,  8).  The  amplitude  scale  for  the  lower  panel  is  linear  in  arbitrary  units, 
showing  signal  amplitude  A,  with  3*0  representing  the  absence  of  signal.  The  vertical  axis  in 
the  upper  panel  shows  signal  phase  on  a  linear  scale  with  arbitrary  units.  For  the  scale  shown, 
•  phase  change  from  shoot  24  so  about  27  units  corresponds  to  3*. 


FifST  4:  Scrtfoid  University  VLF  network  observation  sites  and  tlgni!  paths.  The  sites  ire 
Seslr.soa«  (SA).  Lake  Miitiirini  (LM),  Quebec,  Arecibo  (AR),  Puerto  Rico,  Star-feed  (SU). 
Catifotnii.  and  Huntsville  (HU),  Alibama.  At  each  file  signals  from  multiple  tmnsmitten  art 
■cnitorcd  and  amplitude  and  phase  information  is  stored  with  5CV20  Ha  resolution  Record¬ 
ings  are  general))'  made  for  the  0000-1200  UT  period  where  most  of  the  monitored  pathi  art 
propagating  under  a  nighttime  ionosphere.  Summary  plot  data  is  produced  at  the  end  of  each 
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figure  X  The  sop  panel  shows  a  30-mmtne  sequence  of  events  on  the  4S.5-SA  pmb  aged*.-  with 
tw  NAA  signal  amplitude  as  observed  at  Stanford  (NAA-SU)  shown  in  the  lower  panel  The 
fkop  in  the  NAA  SU  signal  —1134  UT  (f  c:  XX)  s)  is  due  to  transmitter  intemjptica  (reccrded 
alao  at  SAX  The  vertical  acale  is  linear,  showing  signal  amplitude  (A)  in  arbitrgy  nits,  srith 
A  •  0  tepreseming  abamce  of  signii.  The  mrmben  ahown  on  the  orO-nse  eonepond  so  the 
percentage  of  fuD  scale.  Thus,  the  firs;  event  at  1132  UT  (top  pancf)  represents  as  ampStode 


change  of  5  units  on  top  of  an  ambient  level  of  50  units,  i.e,  a  10%  event  The  dan  at  4*  lop  and 
bcoom  paneb  represent  detected  amplitude  time  avenged  over  0  64  a  and  1.2J  t,  mpectiveiy 
[181- 
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Rgn»<:  High  resolution  dupliyi  of  da  largest  event  shown  in  Figure  3,  The  forma  of  die 
data  displays  is  similar  to  that  of  Figure  3.  The  prods  on  the  right  show  the  20  mt  samples 
without  averaging,  while  the  panels  on  the  left  are  time  avenged  over  0.32  a  (top),  0.16  a 
(middle)  and  0.04  a  (lower).  The  causanve  spheric  and  the  negative  perttnbation  simultaneous 
with  the  well-defined  event  a  4S.S-SA  are  both  apparent  na  the  NAA-SU  aignai  The  absence  of 
other  spherics  of  com  parable  amplitude  on  the  4JJ-SU  signal  make  die  causative  spheric  easily 
identifiable.  The  panels  on  die  right  slow  the  tame  event  at  higher  resolution.  The  causative 
apherie  precede*  the  event  by  ~1.2  seconds,  consistent  with  theoretical  predictions  [17). 
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Hnteh  Whisdess  observed  at  Palmer  correlated  with  VUP  pertwbatioos  ret  the  4t3  Ufa  signal 
SSweJat  HtmtsvGSe  (HU)  The  top  panel  show!  a  2S-nti5  sequence  of  unusually  well  defined 
events  observed  on  the  48J  kffe  signal  observed  at  Huntsville  (HU)  down  in  a  format  aimflar 
ao  that  of  the  data  panels  in  Figure  5.  The  first  two  suewive  events  (bxficaad  by  arrows)  from 
the  lop  pww)  are  shown  on  an  expanded  scale  in  the  lower  panel  The  middle  panel  shows 
fe  broaftned  (0-*  fcHa)  spectra  observed  a  Palmer  showing  two  whistlers  in  succession,  time 
correlated  with  two  negative  amplitude  changes  on  the  44J-HU  signal  The  broadband  data  was 
only  available  on  a  synoptic  basis  (1  minute  of  every  five) 
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Figure  S:  Possible  evidence  of  aeketive  cj  citation  of  different  eanh- ionosphere  waveguide  modes 
by  an  unusually  large  ionosphere  disturbance.  The  top  three  panels  show  the  48.5  signal 
a  Huntsville  (HU)  iTustnting  ai<  unustal  event  at  different  resolutions.  The  format  of  the 
umpirtude  rtctrds  are  similar  to  dm  for  Figure  5.  The  illustrated  event  is  a  positive  amplitude 
change  occurring  in  the  midst  a  small?  amplitude  decreases  and  also  enhfbits  a  distinctly 
different  recovery  signature.  The  48.5  krk  signal  observed  at  Arecibo  (AR)  does  not  display 
aay  of  the  unusual  features.  The  'JL5-HI  and  48.5-AR  signal  paths  ate  colimar  as  can  be  aeea 
from  figure  4. 
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fif**:  Eurapla  of  direct  upward  coupling  between  lightning  tad  the  lower  Ionosphere. 
lie  obrerations  shown  war  made  thnin g  an  iaolated  thunderstorm  off  the  east  coast  of  the 
Ihdmd  Stases,  as  represented  by  tb*  ckxd-to-gjojnd  (00)  lightning  dis~hnrprs  shown  as  +'*- 
The  lightning  data  was  recorded  by  the  SUNY-AJbsny  hghming  detectioa  netwesk.  The  data 
dbptays on np show iaSvidoa! perturbation events ao the  2>J  kill NAU  signal  received  at  latte 
Misdsdai  (LMX  Quebec,  with  tune  1-0  in  each  panel  cosreiponding  »  tfc  ITT  tiine  given  on 
te  apper  right  comer.  The  reread  axes  shew  rigaal  strength  (A)  hi  linear  trbirvy  units,  with 
A  «  0  repeeaeothtf  absence  of  rij.-Al.  The  lower  panels  show  the  signs!  Intensity  to  the  24.8  kHz 
(NUQ  channel,  which  shows  the  signature  of  the  impulsive  radio  atmospheric  from  lightning 
discharges.  The  In  periods  during  which  a  tsetwork  CO  flash  were  detected  are  so  indicated 
The  ahaeace  of  measurable  delay  between  the  lightning  discharge  and  the  onset  of  die  VLF 
peiaihatiota  indicates  that  these  events  are  not  likely  so  he  a  manifessntion  of  lightning-induced 
chorea  precipitation  from  the  magnetosphere  (Figure  from  (I2Q. 
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Figure  10:  An  unusual  VLF  event  observed  simultaneously  at  three  stations  on  four  different 
agnail  as  shown  in  the  left  hand  panels.  The  signal  paths  corresponding  to  the  data  displays 
are  fflustrased  on  the  map  above.  The  format  of  the  amplitude  records  is  similar  to  that  for 
Rpae  5.  The  perturbation  (amplitude  increase)  is  imaihit  in  the  NAU-LM  charnel  but  it  still 
dearty  identifiable.  Also  seen  in  this  channel  ia  an  intense  radio  atmoapheric  from  the  causative 
Bgbming  discharge.  The  panels  on  the  right  show  the  NSS-LM  signal  and  the  •suv-i»r>ri  spheric 
channels  at  higher  resolution.  With  the  JO  mi  resolution  of  the  measurement,  there  is  ao  time 
delay  between  the  causative  atmoapheric  and  the  VLF  perturbation  onset  Such  events  are 
believed  to  represent  a  new  type  of  direct  upward  coupling  between  the  troposphere  and  the 
lower  ionosphere. 
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Rpme  H:  Frequency  dependence  of  heafinj  u  SO  *nd  &J  fan  altitudsi.  The  percentage  change 
heoll<«oa  frequency  (n)  it  ahown  for  SO  and  85  kra  iltitudei  for  the  ordinary  component  for 
15x1<r*WAn'  input  wave  power  density  at  70  fan  altitude  (corretpondinj  to  100  kW  radiated 
power)  end  t  typical  nighttime  exponential  ambient  density  profile.  (Figure  from  [1  j). 

OISCTJSSIOIt 


J.  *.  RSLROSE,  CA 

tour  association  of  sharp  cnsst  events  seen  in  VLF  tranaalaoiona  with  lightning  ia 
vary  interesting.  I  question,  howsvsr,  your  intarprotatlon  that  thla  avert  la  dus 
to  hasting.  At  the  higher  USA/lovsr  Canadian  latitude*  (l*  1.5  to  «  say),  Canadian 
VLF  propagation  data  over  patha  of  naar  to  L  -  4-4,  for  those  paths  where  we  had  a 
10  KHx  rloaater  near  aid  path,  showed  that  all  events  were  associated  with  rloseter 
absorption.  Ibis  would  suggest  that  the  lightning  induced  events  ars  associated  with 
particle  precipitation  rather  than  heating. 

AUTHOR'S  REPLY 

I  believe  that  the  larger  eubeet  of  the  events  we  see  are  indeed  due  to  induced 
electron  precipitation  as  evidenced  by  the  distinct  ties  delay  between  lightning  and 
the  event  onset.  However,  the  events  that  do  not  exhibit  this  delay  are  likely  not 
due  to  precipitation,  as  I  discussed  in  »y  talk.  The  L  -  4-6  events  that  you  speak 
of  ere  Boat  likely  occurring  outside  the  pleesapause,  where  both  whistler-triggered 
end  spontaneous  ELF/VLf  chorus  esissions  are  known  to  precipitate  electron  bursts. 

N.  C.  LEE,  US 

Z  would  like  to  point  out  that  observations  of  VLP  wave-excited  lover  hybrid  wavee 
in  the  ionosphere  were  indicated  in  the  Franco-Soviet  ARCAD  3  satellite  experlaents 
(Berthelier  et  al.,  1942;  L.  R.  0.  Storey  and  F.  Lsfsuvrs,  personal  cosnunication, 
1*84).  Lower  hybrid  waves  were  detected  when  the  satellite  passed  over  VLF 
transsitters .  Further,  enhanced  airglov  was  measured  (Chayrev  et  al.,  1976;  Chsyrev 
at  al.,  1988) . 

C.  SALES,  US 

Z  noticed  that  you  placed  the  perturbation  near  the  location  of  the  node  interference 
for  your  sisulations.  Is  this  a  coincidence  or  are  you  saying  that  this  is  ths  only 
location  that  produces  a  significant  event; 

AUTHOR'S  REPLY 

The  range  of  flux  levels  In  precipitation  events  is  quite  largs  so  that  I  think 
detectable  VLF  perturbations  would  occur  even  whan  the  disturbed  region  is  rear  a 
signal  saxiaua  along  the  path.  However,  modeling  clearly  shows  that  ths  largest 
amplitudes  ars  observed  where  ths  disturbance  is  near  a  ninisua. 


i*-t2 


b.  mn,  os 

for  the  lightning  Induced  affects  on  VLF  propagation,  ara  you  poituleting  a  change 
in  electron  teaperature  or  electron  density?  Can  the  eeasured  recovery  tine 
constants  help  determine  the  cause? 

AOTBOH'I  BIFLY 

For  lightning-induced  electron  precipitation  effects,  ve  believe  that  a  change  in 
electron  density  (generation  of  secondary  ionisation)  ie  involved.  For  direct 
effects  of  the  *r  fields  fro*  lightning,  I  suggested  in  ay  pspor  (GPL,  Nay  1*90)  that 
•  change  In  collision  frequency  (l.a.,  in  tenperature)  was  Involved.  However,  at 
this  casting,  Z  learned  in  Dr.  Jones*  tutorial  tall  that  change  in  teaperature  leads 
to  change  in  density  because  the  raconblnatlon  rate  is  altered.  Thus,  It  occurred 
to  ce  that  lightning  would  also  cause  electron  density  changes  which  would  then  be 
consistent  with  observed  recovery  rates.  After  talking  to  sobs  of  ay  colleagues 
(Duncan,  Koseey,  Field),  I  aa  further  convinced  that  lightning-induced  heating  is  the 
aechanlee  for  these  VLF  events  without  delay. 

F.  BOBS IT,  Ud 

Nave  you  coopered  the  effects  of  the  events  on  VLF  phase,  as  well  as  amplitude?  la 
one  •  core  sensitive  'detector*  than  the  other? 

JURHOR'S  MVLY 

Be  conduct  phase  measurements  on  a  selected  number  of  our  stations  end  the  results 
ere  contained  in  a  PhD  thesis  that  was  completed  by  T.  Volf  in  Jan  1990.  Basically, 
observations  In  the  southern  hemisphere  indicate  ‘chat  phase  ray  be  as  such  as  10  dB 
•ore  sensitive  than  arplitude  in  response  to  e  given  ionospheric  disturbance. 
However,  In  the  northern  heaisphore,  for  reasons  not  yet  well  understood,  we  find 
that  asplltuda  aay  bo  just  as  (if  not  hors)  sensitive  aa  phase. 
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ZONOSmXIC  CHEMICAL  RELEASES 
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)  StMMAIY 

Xomocpherle  plat**  density  irregularities  can  be  produced  by  chemical  raleeaes  into  the 
upper  atmospbert.  P-region  plasaa  Modification  occurs  by  (1)  chemically  enhancing  the  electron 
|  number  density,  (2)  chemically  reducing  the  electron  population,  or  (3)  physically  convectlng 

the  plasaa  fro*  one  region  tc  another.  The  th.ee  processes  (production,  loss,  and  transport) 
determine  the  effectiveness  of  ionospheric  chemical  releases  in  subtle  and  surprising  vays. 
Initially,  a  chan leal  release  produces  a  localized  change  In  plasaa  density.  Subsequent 
processes,  however,  can  lead  to  enhanced  transport  in  chemically  modified  regions.  Ionospheric 
modification  by  chemical  releases  excites  artificial  enhancements  in  airglov  intensities  by 
exothermic  chemical  reactions  between  the  newly  created  plasaa  species.  Numerical  models  have 
been  developed  to  describe  the  creation  and  evolution  of  large  scale  <>1  km)  density 
irregularities  and  airflow  clouds  generated  by  artificial  means.  Experimental  data  compares 
favorably  with  these  models.  In  general,  we  find  that  chemical  releases  produce  transient, 
large  amplitude  perturbations  in  electron  density  which  can  evolve  into  fine  teals 
Irregularities  via  nonlinear  transport  processes. 

t.  urntooocnoN 

f 

The  Ionosphere  is  the  priaary  medium  for  radio  wave  propagation.  Natural  irregularities 
can  degrade  a  communication  channel  by  inducing  amplitude  or  phar*  fluctuations  as  a  result  of 
multipath  mixing  or  scattering.  Artificial  modification  of  the  F-region  can  be  used  tc  generate 
artificial  density  structures,  control  existing  irregularities  or  to  study  processes  vhlch 
govern  their  evolution. 

Artificial  ionospheric  irregularities  can  be  generated  by  the  release  of  neutral  substances 
into  the  F-region.  The  generation  of  localised  density  perturbations  can  be  understood  in  teras 
af  the  electron  and  ion  continuity  equations 

{  &  ♦  -  Lj  o> 

'  where  the  subscript  "J*  refers  to  electrons  or  Jons,  n«  is  the  concentration,  v*  is  the 

velocity,  Pj  is  the  production  rate  and  L*  is  the  loss  rate  for  the  plasma  species.  Chemical 
*  releases  can  directly  affect  the  right  aide  of  the  continuity  equation  by  enhancing  the 

production  by  photo  or  colllaional  ionisation  of  neutral  vapors.  Or  chemical  releases  can 
accelerate  losses  through  electron  attachment  or  dissociative  recombination  processes. 

lamed lately  following  a  neutral  gas  release,  the  dense  neutral  cloud  "snowplows"  the 
background  plasma.  This  coupling  to  the  plasms  occurs  by  modifying  the  transport  term 
(f'(ntWj)]  in  the  continuity  aquations  for  electrons  and  ions.  The  velocity  of  each  plasaa 
spec lea  Is  dateralned  by  the  equation  of  aotlum 


i 


I 

1 


fsj .  ♦  j-j-  <!♦!/?>  ♦  c  -  Vv2> '  VW  (J) 

where  Pj  •  ajkTj  Is  pressure,  pj  -  n«mj  Is  mass  density,  Tj  is  electron  or  ion  temperature,  a< 
la  mass,  qj  is  charge,  B  is  electric  field,  B  is  ambient  magnetic  flux  density,  g  is 
gravitational  acceleration,  Vjn  is  the  electron-  (or  ion-)  neutral  collision  frequency,  U  is  the 
velocity  of  the  neutrals  ,  vjj  is  the  electron-  (or  ion-)  icn  collision  frequency,  and  rj  Is  the 
velocity  of  the  other  plasma  species.  Host  of  the  teras  on  the  tight  side  of  (2)  can  be 
artificially  changed  by  a  chemical  release.  Besting  of  the  plasaa  can  occur  by  several 
processes  including  collislonal  interactions  with  the  neutrals  and  energy  dissipation  by  plasma 
waves  in  the  Interaction-  regions.  The  resulting  increase  in  plasma  pressure  will  affect  the 
flow.  Polarisation  electric  fields  at  the  edge  of  expanding  clouds  accelerate  the  ambient 
electrons  and  iocs  resulting  in  nonuni  form  flows. 

This  paper  ia  an  overview  of  the  relative  effects  of  production,  loss  and  transport  on 
large  seals  ionospheric  modification  by  chemical  releases.  The  next  three  section  discuss 

chemical  mechanisms,  parallel  and  perpendicular  transport,  and  the  effects  of  injection 
velocities  on  the  interactions.  The  results  from  computer  simulations  are  compered  with 
experimental  observations  when  possible.  The  last  section  summarizes  the  relative  af fectiveness 
af  various  chemical  releeaea  for  production  of  ionospheric  irregularities. 

2.  cansm  or  emeu.  tnjuaB 


The  chemistry  of  ionospheric  depletion  chemicals  has  been  discussed  in  detail  by  Bernhardt 
(1987).  Berm  a  simple  comparison  of  the  chemical  processes  is  mnde  to  Illustrate  the  relative 
atrengtha  and  weaknesses  of  the  different  classes  of  chemical  modification  in  the  Ionosphere. 
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There  art  (our  ehtiet  of  Initial  reactions  in  tho  upper  atmosphere  following  a  neutral  gat 
raleate.  The  first  claai  la  oxidation.  Atooic  oxygen  la  tha  most  abundant  species  between 
about  250  and  60C  Sto  altitude.  It  can  react  rapiJly  with  tha  ralaaaad  aatcrlal  to  yield 
imbalances  which  am /  ba  lata  effective  at  ionospheric  *od:fiers.  This  raactlon  hat  tha  fora 


XT  ♦  0  *  10  ♦  T 


vfiara  XT  raprasanta  tha  injected  substance  and  XO*  (a  tha  product  of  tha  raactlon  vMch  may  ba 
laft  la  an  axcitad  atata.  Airglov  emissions  (roa  the  excited  atataa  aay  Interfere  with  other 
light  emissions  vh'ch  art  related  tc  the  ion-alectron  chemistry  Proa  tha  point  of  vie*  of 
ioooapherlc  modification,  tha  Clast  I  nautral  reactions  ara  unwanted  becauaa  they  reduca  tha 
efficiency  for  ionoiptwrlc  modification  and  they  produce  airglov  emissions  which  contaminate 
emissions  used  ta  diagnose  plasma  chealatry. 


fb«  aacond  elate  of  reaction  in  tha  upper  atmosphere  is  photolonl  tat  Ion.  Thle  raaetion  fa 

faaerieally  represented  a a 


XT  ♦  Uv  •*  XT'  ♦  a* 


Than  easily  lonlxabla  aatarials  auch  at  barium,  cesium,  sodium,  europium,  etc.  are  released  ia 
twilight,  photoionliatlon  yield*  enhanced  ion  and  electron  concentrations.  Optical  diagnosis  of 
these  releasee  ia  possible  if  the  parent  reutrml  and  or  tha  prodret  ion  fluoresce  in  sunlight. 
The  reaction  for  barium  la 


It  ♦  be  ■*  la* 


■  0.036  I'1 


The  primary  disadvantage  for  the  Class  XI  reactions  it  that  sunlight  is  required  to  produce  the 
Ionospheric  eodlf icatira. 


The  third  data  of  ionospheric  modification  raactlon  is  the  positive-ion,  molecule  charge 
transfer.  This  reaction  takes  the  fora 


XT  ♦  0#  «  XO*  ♦  X 


vhmre  XO*  ia  m  positive  molecular  Ion  which  can  rapidly  recoobine  with  electrons.  The 
dissociative  recombination  reaction  la 


10*  »•*♦!*♦  0* 


ikan  X*  mix)  0*  if*  licit'.*  .tit*,.  Th.  ttqucnec  of  reaction,  for  l  C02  rllc.it  it  th.rul 

•fMfl  il 

CX>2  ♦  0*  «  02*  ♦  CO  k,  .  10-’  cl*3  (B) 

Oj*  ♦  «'  «  0(,D)  .  0(3,)  kj  .  10*7  Cl*3  (9) 

:U»  .  0(3F)  .  M630  na)  v*  .  6./  I  10*3  s*1  (10) 


llMn  0*D)  ll  tK.  lov.it  netted  atito  of  itoilc  oly,cn  vMch  yield,  red-Iln.  eel,, Ion,  upon 
transition  to  tha  ground  0(^P)  atata.  Class  III  reactions  eventually  lead  to  electron  density 
reductions  after  the  molecular  ions  (XO*)  has  recombined.  Tie  primary  limitation  of  this  class 
of  reaction  ia  that  at  two  etap  process  [reaction  (6)  followed  by  (7)]  ara  required  to  produce 
electron  density  reductions. 


At  orbital  ve*ocitlee,  reaction  rates  car  change  because  of  the  ..dded  energy  of  lnjectijn. 
For  kinetic  energies  on  the  order  of  3  eV,  the  C02  reactions  are 


C02  ♦  0*  a  C02*  ♦  0 
COj*  ♦  «  CO*  ♦  0* 


6  *  10*10  c.*3 


Optical  emissions  froe  excited  ststes  of  carbon  monoxide,  which  will  not  be  excited  for  low 
energy  releases,  can  provide  experimental  verification  of  the  importance  of  reactions  (8*)  and 
(t')  for  C02  raleesas  from  orbiting  vehicles. 


The  fourth  elass  of  reaction  directly  depletes  the  slectron  conccntrstion  by  dissociative 
electron  attachment.  The  form  of  this  reaction  is 


where  X~  Is  the  megetlwe  Ion  dissociation  product.  The  reaction  with  trl-fluoroeethylbroalde  Is 


e~  ■*  ir“  ♦  CF-i 


k3  -  10*7  c«*3 


Compering  reactions  (8)  and  (12),  we  see  that  the  initial  electron  attachment  reactions  can  be 
erne  hundred  tiees  more  rapid  than  the  initial  ion  molecule  reactions.  Complications  arise  froe 
the  temperature  dependence  of  the  electron  attachment  reactions,  below  the  activation  energy  of 
reaction,  the  reaction  ratea  decrease  rapidly  with  temperature.  The  activation  energy  for  (12) 
is  0.086  eV.  Tom  negative  ion  created  by  the  Class  IV  reactions  either  reacts  with  the  atomic 
oxygen  Ion 


x-  .  0*  ••  X*  ♦  0* 


K  tnwn  phot*  UaNcUtd 


r  *  k«  *  x  «  «* 
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Tha  utual  neutralisation  him  Ir*  tad  0*  la  thought  to  proceed  u  foUovit 

It*  *  0*  *  Ir*  ♦  0*  kg  «  10'*  on*3  (IS) 

Tho  photedauchaut  ruction  (roo  ooler  lllmlnotloa  for  tho  bioain*  onion  iron  (12)  It 

It*  «  kw  ♦  Ir  ♦  o*  •  0.2?  a'3  (1*) 

Tho  pilot t7  lloltttlea  for  ionospheric  nodiiicstion  fro*  olictron  attachnent  rttctlona  It  thtt 
tkop  out  ho  conducted  in  darknast  for  long  11  rod  tfitota.  Xnhancnd  tirglov  fro*  tho  txeittd 
ttttto  1*  (11)  tod  (IS)  coo  prorldt  t  dltgnoatie  of  tb*  ohoolctl  tnd  physical  procutot  In  tho 
■edified  plea**. 


i.  muusl  tukpom 

Tho  notion  of  tho  plttoo  following  o  choolctl  rtlttto  ctn  ho  considered  la  tarot  of 
ptrtlltl  and  perpendlceUr  transport  rolttlro  to  I.  Tho  tvo  dirtctiont  ttnd  to  bo  uncoupled 
toll*  to  tho  relatively  largo  parallel  conductivity  which  taktw  tho  aagnltude  of  tho  aobtpolar 
electric  fields  oriented  parallel  to  I  ouch  leaa  than  tho  nagnltude  of  tha  polarltatlon  field* 
aerota  the  oagnetic  field  line*. 

The  detail*  ef  the  nuaerlcal  aodel  of  parallel  transport  la  deaerlhod  by  Bernhardt  (1990). 
The  dletrlbutioa  of  loolred  epociea  along  oagnetic  field  linea  la  computed  fro*  the  equations  of 
ooatloolty  (1)  and  aoaentu  (2).  Only  warlation  along  the  oagnetic  field  direction  la 
coeal Cored.  The  inertial  teroa  on  the  right  aid*  of  (2)  are  dropped.  The  apatlal  diatrlbutlona 
ef  the  tab  lent  a  pec  1  or  (e*  and  4*)  and  the  cheolcally  produced  apeciea  (XT*  or  X~)  art  conputed 
eelf  conalatently  with  choolctl  reaction*  tnd  tranaport.  The  aobipolar  electric  field  (X)  ia 
calculated  earaalng  contt ant  current  dcnalty  along  I. 

ffoulaticna  boro  bora  carried  out  far  tha  lonoepharlc  nodi  fleet  Ion  with  Clua  II,  HI,  and 
IT  cheat  cal  rttctlona  for  roleana  at  100  ka  altitude  into  an  P-rogion  plaana  with  an 
undlaturbod  deiu’ty  of  3  a  103  cn'3.  To  illuatrat*  a  Clua  II  reaction,  tha  raleaso  of  10*° 
atom  (23  kg)  of  barlm  vapor  wu  olaulatod  (figure  1).  Tha  production  and  loaa  tana  for  tha 
coatloalty  equation  (1)  ore 


»1  .  a[la)  eg,  tg  .  0  (17) 

.  0,  tj  -  0  (II) 

Pj  .  n(la)  w,,  lj  .  0  (1») 

whoto  tho  subscript  1,  2,  tnd  1  refer  to  elect  rent,  0*,  end  la*  Iona,  reapoctlvaly,  n[la)  la  tho 
borlm  neutral  concentration,  and  wj  •  0.036  a*1  io  the  ionisation  rata  duo  to  ounllght.  The 
bulun  loo  concentration  reachet  a  nexleun  of  5.1  a  10*  cat'3  ot  tho  center  of  the  cloud.  The 
diffusion  along  the  oagnetic  field  line  cause*  tha  la*  lone  to  extend  70  kilonetert  fro*  the 
release  point  ♦  elnutea  after  the  relearn.  The  0*  ions  are  excluded  fro*  the  canter  of  the 
burl  wo  cloud  nod  are  coaprured  at  tho  aldts.  The  electron  concentration  la  tha  sun  of  the 
positive  ion  concentrctic  i*. 


The  C*  depresalon  at  the  center  ef  the  beriue  cloud  i*  ■  result  of  the  anblpolar  electric 
fioldo  it  tho  edges  of  tho  cloud.  Thus  fields  retch  o  uxiu*  of  8  uY/o  ond  are  oriented  to 
keep  the  aobile  electrons  fron  escaping  fro*  the  region  of  high  density  baric*.  These  sen* 
fields  till  exclude  tha  positively  charged  0*  Iona  fro*  entering  the  herlun  region.  This 
ptocasa  Is  called  tha  electrostatic  taovplow  ISchunk  and  Sausacaovlea,  1988).  The  fluxe*  of  all 
aneclu  era  directed  outward  fro*  tho  center  of  tho  cloud  bocauoo  tho  0*  ions  or*  being  carried 
along  with  tha  expanding  herlun  plus*.  Figure  1  alio  ihovs  a  001  increase  in  the  parallel 

conduct  1*1  ty  at  the  canter  of  tho  cloud  shieh  it  nuch  waller  than  tha  20-fold  lncrtua  in 
electron  density.  Iloctroo-lon  collisions  Unit  the  nagnltude  of  this  conductivity. 

The  electrostatic  enow-plow  of  ambient  *0*  Iona  during  tha  Places  barlu*  rtlecse  is  shosn 
in  figure  2  (Nwrclal  end  Ssusactowlcit,  1963) .  The  anfcancenent  of  HO*  of  about  SOI  at  169  ka 
altitude  (designated  ky  the  arrow  in  Plguro  2)  eon  be  attributed  to  oabipolor  oloctric  tiolJ*  at 
the  edge  of  the  barlu*  cloud. 

Thu  Class  III  ruction*  Initially  reduce  the  0*  danalty.  The  production  ond  loss  term  in 
(1)  for  tha  release  of  carboa  dioxide  it  low  velocity  have  tba  torn 

Pg  ■  0,  L[  ■  kg  Rj  nj  (»> 

Pj  -  0,  Lj  -  kj  nCCOgl  aj  (21) 

'  fj  -  kg  n(COj)  ag,  bj  ■  nj  ng  (22) 

where  t'v  ouhncrlpts  1,2,  and  3  rnfar  to  tha  electron,  0*,  ond  Oj*  ion  concentration*, 
respectively)  nJCOjl  is  tha  neutral  carbon  dioxide  concent  rot  lent  kg  and  k*  ore  tho  ruction 
rate*  given  in  (P)  end  (9).  The  ionospheric  codification  12.8  seconds  after  the  release  of  10" 
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RELEASE:  10*®  COj  MOLECULES 


riCBr*  3.  Coeputod  densities,  (Iran,  conductivities  and  aabipolar  electric  fields  for  •  COj 
nlMM  into  ■  uni  fora  ionosphere. 

During  the  MSA  sponsored  Spacolab  II  experlaent,  tha  Spar*  Shuttla  Orbital  Maneuvering 
Sabeysten  (OKS)  eojlnri  vara  used  to  deposit  280  t|  of  COj,  8,0.  Bj,  CO,  and  ta2  aolecules  into 
tbo  f- layer  over  Artel  bo,  Puerto  tlco.  Figure  A  above  tha  erolution  of  the  localised  depletion 
■ear  the  peak  of  tha  layer  aa  aeaaured  vlth  the  Areclbo  Incoherent  acattar  radar.  The  observed 
density  depression  la  conalstent  vlth  tha  nuaarical  aodela  lnvolvlnf  Class  III  reactions  and 
aabl polar  diffusion.  Tha  Initial  density  enhancements  at  tha  sides  of  the  hole  ora  a  result  of 
the  colllslonal  "snovplov*  vhlch  is  not  Included  In  Figure  3  but  has  been  described  by  Bernhardt 
at  ml.  [19®*  a,h|. 
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4*  lonoophorie  profiles  shovlnf  the  evolution  of  the  hole  produced  by  the  Spoco  Shcttlo 
OKS  M(iM  burs  vver  Aroclbo,  foot  to  tlco. 
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The  eliii  IT  reactions  product  such  larger  perturbation*  in  electron  density,  plaiti 
fluxes,  parallel  conductivity,  and  electric  (laid*  (figure  3).  Tha  loa»  taraj  in  tha  continuity 
aquation  for  tha  electron  attachaant  ralaaaac  ara 

f\  -  0,  lX  •  ky  n(Cf3Br|  nj  (23) 

Pj  -  0,  Lj  •  kg  n3  n2  (24) 

Pj  •  kj  n(CF3Br)  L3  •  kA  o3  nj  (23) 

vfcer*  k3  and  L  ara  tha  reaction  rataa  in  (12)  and  (13),  respectively.  Nina  seconds  after  the 
release  of  1  (r®  aoleculas  of  CP3Br,  nearly  all  electrons  vithin  a  seven  klloaeter  rediu*  are 
attach*!  to  for*  lr“  ions.  Tha  aablpolar  electric  field  strength  la  130  uV/a  vith  a  polarity 
that  inhibits  electrons  froa  flovlng  ir.to  tha  canter.  These  fields  coepress  the  aablent  0*  Ions 
tovard  the  center  aa  ahovn  in  figure  3.  Tha  atcep  gradients  at  the  edge  of  the  *odlfied  region 
produce  electron  fluxes  that  are  a  factor  ten  greater  than  in  the  previous  exaaples. 

RELEASE:  10J*  CFjBr  MOLECULES 
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Figure  3.  Simulation  of  tha  ralaasa  of  an  electron  attachment  aaterlal  In  a  uni  for*  plasaa. 

Rear  tha  release  point,  tha  electron  concentration  is  reduced  to  the  point  that  ions  ere 
only  carriers  of  electrle  current.  This  li*its  the  parallel  conductivity  reduction  to  tvo 
orders  of  Magnitude.  The  clast  IV  reactions  are  preferred  fer  experiments  vhich  need  the 
*axl*u*  changes  in  longitudinal  conductivity.  In  situ  measurements  were  node  vith  the  HRL 
Langmuir  probe  flying  through  the  ionospheric  holt  created  by  the  release  of  30  kg  of  CfnBr 
daring  tbe  RASA  sponsored  RICAM-1  experiment.  The  electron  concentration  vas  reduced  froa  J  x 
1(H  ca~*  to  lass  than  13  esT*  in  a  radius  grteter  than  15  k*  |P.  lodrigue*  and  C.  S.  Lin, 
private  cu—unl  cat  loti,  1990). 

Aa  illustrated  by  reactions  (13)  and  (15),  *utual  neutralization  of  the  negative  and 
positive  ions  leaves  tha  products  in  excited  states.  This  can  produce  airglov  the  can  be 
recorded  fro*  the  ground.  Be  do  not  hev#  any  images  of  airglov  excited  by  e  C?3Br  release  but 
v*  do  have  data  acquired  by  an  Intensified  CCD  carers  for  an  Sf6  release,  figure  6  Is  an  image 
of  tha  airglov  cloud  prcduced  by  tha  SP$  raleaas  vhich  occurred  during  tha  NASA/Boston 
University  SJIVEt-2  experiment  (Pulford  at  si.,  1997 J.  negative  tons  sre  crestad  and  destroyed 
according  to  the  following  reactions  vith  SP$  in  the  P- region. 

*pg  ♦  •-  *  SP6“  or  5F3"  ♦  r  (23) 

sr6-  ♦  0*  ■»  5Ft  .  0*  (26) 

SFj-  .  9*  -»  SFj  .  0*  (27) 

Natu*l  mratr.lSntloo  of  SFj"  «/xt  0 *  loos  by  co.ctloo  (26)  ylolds  cxctt«!  0(!F)  st.tu  snd  777.6 
aa  airglov  (Bernhardt  at  el.,  1986).  The  airglov  cloud  fills  the  region  initially  depleted  by 
the  electron  attachment  reactions. 
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Figure  f.  777.4  om  airglov  eolations  for  a  right time,  40  kg  raleasa  of  SPx  at  232  km  altitude 
*irl«|  the  2 6  April  1934  SPITGX-2  experiment.  The  maxima  intensity  if  160  Rayleighs. 

At  aigfct,  field  aligned  plasma  flov  provides  the  recovery  •ech/nis*  for  ionospheric  hole# 
produced  by  tha  C©2  and  CPiBr  releases.  Tea  titrates  after  the  C02  release,  the  coaputed  plasca 
depression  has  a  full  width  at  half  maxima  of  92  fas  with  a  aaxiaus  reduction  of  28X.  Tan 
•Urates  after  the  CPiBr  release,  the  dlaaeter  of  the  bole  is  120  ka  and  the  aaxieue  reduction  is 
ASZ.  In  general,  electron  attachaent  tubstwee*  are  aore  effective  ionospheric  aodification 
agents  than  are  those  which  initially  reset  with  0*. 

4.  mFWJICgLAB  TKASSPbXT 

Chemically  produced  density  irregularities  becoae  polarised  by  colliaiona  with  neutrals 
that  are  Moving  acrosa  aegnetlc  field  lines.  The  resulting  electric  fields  cause  SxB  drifts  of 
the  torn  and  electronr  and  produce  a  distortion  of  tha  cross-section  of  tha  modified  region. 
The  cross-field  action  of  ionisation  enhancements  froa  Class  II  rsactions  has  been  extensively 
studied  lag.,  Scennapleco  et  al.,  19741.  Two  dimensional  aiaulatlons  of  thia  flow  have  been 
atadied  for  chenlcal  aodification  produced  by  electron  attachaent  (Class  IV  reactions)  by 
Bernhardt  [1983]  using  a  numerical  model.  Tnese  simulations  included  the  effects  of  electron 
attachment  and  mutual  neutralisation  chemistry,  self-consistent  electric  fields,  and  three- 
species  plasma  transport  but  tom  and  electron  inertia  (it.,  tha  right  aide  of  (2))  were 
neglected. 

The  results  of  these  previous  studies  are  briefly  summarised  as  follows:  Pedersen 
conductivity  enhancements  such  as  beriua  ion  clouds  and  positive-ion,  negative-ion  clouds  become 
polarised  by  neutral  winds.  The  polarisation  fields  cause  motion  of  the  clouds  in  tha  direction 
ef  the  neutral  wind.  The  down  wind  aide  of  the  enhancement  steepens  and  eventually  splits 
(bifurcates)  into  field  aligned  regularities.  In  contrast,  the  polarisation  direction  Is 
reverted  for  Pedersen  conductivity  depressions  such  as  initially  produced  by  class  III  reactions 
or  by  Class  IV  reactions  after  the  positive  and  aegative  ions  have  mutually  neutralized.  The 
plasma  cavity  drifts  across  1  in  the  direction  opposing  the  neutral  wind. 

A  computer  simulation  of  the  ionospheric  hole  30  alnutes  after  the  release  of  30  kg  of  SFg 
iato  tha  P- region  is  shewn  In  Pigure  7,  reproduced  froa  Bernhardt  [1988).  Contours  of  the 
fleld-ilne-lntegrated  Pedersen  conductivity  are  shown  as  a  fum.  ’on  of  the  coordinate  axis 
perpendicular  to  1.  The  ambient  neutral  wind  is  taken  to  be  200  a/s  in  the  x-direction.  Plasma 
drifts  up  to  43  a 7s  ars  found  Inside  the  hole.  This  causes  distor.ion  and  bifurcation  of  tha 
originally  smooth  contours.  This  BxB  gradient  Drift  Instability  produces  irregularities  on  the 
upwind  edge  of  the  cavity. 

Ve  will  now  present  several  new  results  from  a  study  of  the  release  of  electron  attachment 
rhemlrels  (see  class  IV  reactions)  directed  at  orbital  velocities  across  the  ambient  magnetic 
field.  A  aiallar  study  for  the  injection  of  materials  which  pbotoionise  (see  class  II 
reactions)  has  beam  studied  by  Hltchell  et  al.  (1985). 
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7,  Computed  contour*  of  integrated  Pedersen  conductivity  for  a  pit's**  hole  created  by 
Iff.  rtlNM  of  30  y  of  iP$  into  the  P-reglon.  Altar  30  ainutas,  tha  sabient  neutral  vind 
poIarU*s  tha  cloud,  ataapans  tha  upvlnd  aid*  and  cauaaa  it  to  bifurcat*. 

Tha  nautral  cloud  rvlng  parpandicular  to  B  bafina  to  attach  alactrona  to  font  a  negattve- 
ion  positive-ton  plasaa  cloud.  Because  tha  negative-ions  are  craatad  vith  initial  crott-flald 
•omantum,  thay  become  polariaad.  An  alactrlc  fiald  la  aat  up  across  tha  plasaa  eloud  that 
cauaaa  It  to  ExB  drift  In  tha  diractlon  of  tha  nautral  cloud.  Tha  distance  tha  cloud  nevus 
across  tha  magnetic  fiald  is  an  important  aspect  of  tha  "skidding*  process.  Collision*  with  tha 
bnckgtound  nautral  partlclas  vill  causa  tha  neuual  cloud  as  vail  as  tha  plasaa  cloud  to 
avantually  alow  dovn  and  atop.  Tha  radial  expansion  of  tha  clouds  initially  demands  on  tha 
ralaasa  temperature  and,  as  eollisional  Intaractlon  with  tha  background  becomes  laportant,  on 
tha  texperature  of  tha  atmosphere. 

To  study  these  process**,  va  hsva  davalopad  a  two-dimensional  plasaa  simulation.  It  is  an 
extension  of  tha  on*  dascribad  by  Bernhardt  1 1788]  which  vas  liaitad  to  lov  spaad  flow  vhara  tha 
nautral  wind  dominated.  la  this  staulatlon  coda  tha  affacts  of  tha  ion  Inertia  on  tha  right 
hand  side  of  (2)  have  bean  included.  Inertial  affects  become  laportant  at  sufficiently  high 
altitudes  in  the  rarefied  ataosphara  whe^e  tha  ion  nautral  collision  frequency  become*  snail. 
Generally,  when  tha  tine  between  ion  and  tha  background  neutral  collisions  bacoaes  on  the  order 
•f  or  larger  than  characteristic  tins  scales  of  tha  phenomena  under  investigation,  these  affects 
MSI  be  incorporated  into  tha  theoretical  nodal.  Inertial  tarns  In  continuity  aquation 
introduce  an  affective  inertial  capacitance  that  causes  (1)  tha  initial  potential  to  decay  at  a 
slower  rata  and  (2)  the  rag loo  of  highest  potential  to  lag  further  behind  tha  nautral  cloud. 

Figures  B,9,  and  10  show  tha  results  of  tha  slaulatlons  with  and  without  tha  affacts  of  ion 
Inertia  for  tha  ralaasa  of  an  electron  attachment  oaterlal  at  7k* /a  across  tha  aagnatlc  field. 
In  tha  flguras,  the  aagnatic  field  B  is  directed  out  of  the  page.  Tha  background  plasaa  density 
(composed  of  0*  and  a-)  is  assumed”  to  be  4xl(r  cm"3  while  the  background  nautral  density  is 
4x10®  e*“3.  Tha  positive  and  negative  ion-neutral  collision  frequencies  are  0  61  and  0.14  s~‘f 
respectively.  The  left  flies  of  tha  figures  show  (1)  contours  of  tha  plasaa  Pedersen 
conductivity  which  are  proportional  to  tha  ion  densities  and  (2)  tha  plasaa  flow  vectors  that 
are  determined  froa  tha  ExB  velocity.  The  right  aides  contain  contours  of  tha  electrostatic 
potential. 

Pigura  $  illustrates  tha  evolution  of  tha  conductivity  and  potential  after  1  second  la  tha 
•iaulatlon.  Tha  aatarlal  is  released  at  tha  point  (0,0)  in  the  simulation  box.  Initially  va 
aaa  that  the  nautral  cloud  attaches  electrons  and  foras  negative  ions.  This  produces  an 
enhancement  in  tha  eoruJuctivity  of  tha  plassu  and  leads  to  tha  generation  of  an  electrostatic 
potential.  Pigura  9  shows  tha  collision  dominated  case  where  ion  inertia  has  bear,  neglected. 
After  16.7  aecond*  in  tha  simulation,  wa  sea  that  tha  plasma  cloud  has  expanded  causing  a 
significant  enhancement  in  the  plana  conductivity  and  has  moved  roughly  30  km.  At  this  time, 
tha  plasma  velocity  ia  last  than  100  a/s  to  tha  plasma  cloud  has  essentially  stopped  moving  vith 
rmspact  to  tha  neutrals.  Tha  maximum  potential  has  decayed  significantly  from  the  initial  value 
of  about  200  volts.  Proa  tha  neutral  cloud  contours  (n<- 1  shown)  wa  determine  that  the  region  of 
largest  conductivity  is  essentially  collocated  vith  the  region  of  largest  neutral  cloud  density. 
This  la  true  in  tha  inertial  simulation  as  vail. 
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Figure  10  Illustrates  the  evolution  of  the  plasee  cloud  including  the  offsets  *»f  loo 
inertia.  15.7  seconds  after  the  release.  The  aain  differences  between  this  and  Fifire  t  are 
that  the  potential  has  decayed  with  a  significantly  slower  rate  and  the  region  of  the  stm-gtst 
potential  lags  behind  the  region  of  highest  conductivity.  ftje  to  relatively  strong  el-rc'rlc 
fields  at  the  back,  a  shear  in  the  Ext  velocity  causes  the  cloud  to  bifurcate.  This  behavior 
should  be  observable  in  experiments.  In  general  both  the  inertial  and  noninortial  simulation 
runs  shoe  that  a  plasma  cloud  created  by  injection  of  electron  attachment  materials  at  orbital 
velocitias  may  skid  several  10's  of  km  across  the  magnetic  field. 

t.  conus i ores 

Ionospheric  modification  by  chemical  releases  provides  the  means  to  generate  large  scale 
platm  irregularities-  Cheatcsla  procure  localised  density  gradients  either  by  enhancing  or 
reducing  the  electron  concentrations.  The  magnitudes  of  the  density  changes  are  determined  by 
both  chemical  proceisei  (it.,  photolonlzat Ion,  photodetachment,  electron  attachsent,  ion- 
molecule  reactions,  and  dissociative  recombination)  and  transport  processes  (ie.,  inertia, 
diffusion,  and  KxB  convection).  Ambient  neutral  winds  and  electric  fields  will  transport 
modlfltJ  region  away  from  the  release  location.  Nonunifora  velocity  gradients  can  steepen  the 
density  grad 'ante  and  may  eventually  yield  small  seal  structures.  Pelesses  from  orbiting 
satellites  may  be  different  from  low  speed  relceses  fo.  *o  reasons.  First,  chemical  reaction 
rates  and  reaction  products  are  dependent  on  the  chemical  injection  steeds.  Second,  the 
Injection  velocity  can  stimulate  velocity-shear  (le.,  Kelvln-Helaoltx)  Instabilities  which  yield 
{(regularities  In  the  modified  ionosphere. 
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DISCUSSION 


RYCROIT,  UK 

In  your  interest ing  simulation  of  tha  disruption  of  field- aligned  currant*  in  th* 
auroral  region,  at  what  altituda  is  tha  CF-Br  released?  How  do  tha  affect*  expected 
wary  with  tha  altituda  of  tha  release? 

AUTHOR'S  REPLY 

T*e  release  of  CF,  Br  should  occur  in  th*  F-ragion  near  th#  peak.  If  th*  release 
occurs  above  -  400  ka,  tha  gas  will  expand  too  rapidly  for  ehealcal  react icna  to  be 
affective.  Releases  below  130  ka  would  yield  localized  changes  in  both  parallel  and 
perpendicular  (Pedersen  end  Hall)  conductivities.  Chesical  deposition  on  discrete 
Birkaland  currant  paths  is  aost  easily  accomplished  for  releases  between  200  and  300 
ks  altitude. 
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RESUME 

Cat  art 1 cl*  Merit  daa  observations  par  sondage  *:>nosph*rlque  HF  dr  perturbations  produltes  par  daa  explo¬ 
sion*  etiiaiques  puiaaantra  (plualeur*  KT).  Caa  #xp$rienc#s  ont  AtA  effactude*  k  daa  distances  da  l'ordr* 

4#  30  A  40  km  du  point  d'exptoslon.  A  causa  da  i'ampllfiestton  due  A  La  dAcrolssance  da  densltd  atmosphA- 
rique  Lora qua  1* altitude  augawntr,  las  ondrs  acouatlqura  Issues  da  tallaa  explosions  sont  earactArlsAes 
par  daa  propridtA*  d'ondes  dr  choc  lorf.qu*ell*s  attelgnent  l *  ionosphere.  L'Avolutlon  d«  la  perturbation  a 

At L  AtudlAw  da  la  rAglon  E  lnfArleur*  Juaqu‘4  la  rAglon  T2  an  utllisant  6  frequences  da  sondage.  On 

•ont  re  qu’une  couch*  K  sporsdiqt**  occultante  sub  It  des  fluctustions  de  petite  Ache  11s  at  dev  lent  semi¬ 
transparent*  sprAs  Zj  passage  de  la  perturbation.  Plunieur*  fronts  d'onde  avec  des  earsctAriatlques  dif- 
f A rentes  ont  AtA  sulvls  Jusqu'en  rAglon  FI.  Dsns  la  rAgion  E  infArieure,  la  perturbation  produit  daa 
stratifications  eur  lasquelles  lea  ond*s  r.tdiu  sont  partial  lament  rAflAchles,  Lea  Achos  da  rAglon  E 
sub  Is  sent  una  Modulation  d'amplitude  avec  ure  pArtod*  da  I'ordre  de  2  seconder,  persistant  environ  30  Mi¬ 
nutes.  Lea  variations  de  la  hauteur  de  rAflexion  et  de  1 'el fat  Doppler  sont  let  plus  taportantes  en 

rAglon  FI.  L'onde  perd  son  caractAre  d  uitja  de  choc  en  rAgion  F2,  et  Is  signature  de  Is  perturbation  eat 

alora  calls  d’una  onde  pseudo-slnusoTdale  avec  une  longueur  d'onde  de  plusieura  dizainee  de  kilomAtres. 


ABSTRACT  • 

This  paper  describes  obaervationa  by  HF  Ionospheric  sounding  of  disturbance#  produced  by  powerful  chewi¬ 
est  explosions  (several  ET).  These  experiments  wars  performed  at  distances  of  about  30-40  ka  from  the 
explosion  point.  Because  of  the  aaplificatlon  due  to  the  atmospheric  density  decrease  with  Increasing 
altitude  •  the  acoustic  eaves  froa  such  explosions  are  characterized  by  shock  wave  feature#  when  they 
reach  the  ionorphere.  The  development  of  the  disturbance  has  been  studied  froa  the  lower  f  region  up  to 
the  F2  region  by  using  8  sounding  frequencies.  Ne  show  that  a  blanketing  sporadic  E  layer  undergoes 
saain  scale  fluctuations  and  becomes  seal- transparent  after  the  passage  of  the  disturbance.  Several 
wav#  fronts  with  different  properties  are  followed  up  to  the  FI  region.  In  the  lower  E  region, 
the  wavs  induced  stratification*  on  which  the  radio  waves  are  partially  reflected.  The  echoes  totally 
reflected  in  the  E  region  undergo  an  amplitude  modulation  with  a  period  of  about  2  seconds,  persisting 
about  30  minutes.  The  variations  of  the  total  reflection  height  and  of  the  Doppler  frequency  shift  are 
seat  noticeable  In  the1  FI  region.  The  wave  loses  Its  shock  wave  feature  In  the  F2  region  and  the  dis¬ 

turbance  signature  la  then  that  of  a  pseudo-ainusoldsl  wave  with  a  wave  length  of  several  tans  of  kllo- 
matara. 


1.  IJCnWOUCTION 


Lea  effete  das  ondee  acouetiqoes  issues  de  sources  explosives  pulssantes  eu  sol  ont  fait  1'^bjet  d'Atude* 
Intensive#  dans  law  annAe*  1960-1970.  Ces  ondee  ampllfiAes  Iors  de  leur  propagation  verticals  et  ont 

de*  earsctAriatlques  d'onde  de  choc  lorsqu'elles  attelgnent  I ' ioncsphAre.  Cea  sources  peuvent  produire 
daa  ayetAme*  dondes  ItinArantes  qul  perturbent  1'ionoaphAre  sur  une  rchelle  de  distance  aussi  Importsnte 
qua  calls  de  la  circonfArence  terreatre  (voir  lea  articles  syntheses  de  Teh  et  Liu,  1974,  at  da  Franqia, 
1975),  Lea  dlff Aren tee  source*  scoustiques  rarable*  de  perturber  1'fonosphAre  ont  AtA  dAcritea  par  Blanc 
(1985). 

Pn  intArAt  nouveau  a* eat  manifest#  lorsqu'il  s  AtA  suggArA  que  ces  sources  puissent  perturber  le  systAme 
atmoaphAre-ionoephAre-magnAtoaphAre  dans  son  ensemble.  Une  variation  importante  du  champ  AlectromagnAtiqua 
c<rtervAe  par  satellite  au-dessus  d'une  explosion  de  250  T,  a  At*  interprAtAe  comm*  rAsultart  d'une  onde 
de  Alfven  excltAe  on  rAglon  5  par  l 'onde  acouatique  issue  de  * 'explosion  (Gokhberg,  1964).  Lea  modAlee 
ont  confirm*  la  poeaibllitA  de  tela  affets  (Jacobson  et  Bernhardt,  1965,  Jacobson  1966). 


♦  A.*  english  version  of  this  text  is  available  (contact  the  authors). 
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le*  twiurti  dee  effete  lonoephArlquee  en  tone  proehe  aont  peu  noabreuue*  et  ae  Hal  tent  i  x*wnt  A  l'Atude 
(hi  effete  de*  o nde*  dm  choc  dlrict«i  (Barry  tt  si.  1966,  Jones  et  Spracklen,  19/4,  Plttev«y  *t  al .  1985). 

Lm  by*  6m  1*  prAaent#  codification  aat  d'effectuer  un*  aynthAa#  daa  rAaultat*  da  deux  expAricnce#  da  aorv- 
d«(i  lonoaphArlqu*  vertle  1  rAsliaAea  an  tona  procha  d'exploelons  chlelque*  pu tea an tee  pour  Atudlei  ,  d'un* 
•enlAr*  tr*»  detail  14a,  laa  affata  diraeta  at  Indiracta  da  l'onde  da  choc  au  niveau  daa  diffArente#  r4glona 
da  1  * lonosphAre . 

2.  AESULTAT3  IXPERIMENTA'JX 

2 . 1  peter lpt Ion  daa  expArlencee 

Oeux  expArlence*  ont  4t4  rAalleAe*  dana  la  cadra  d'un  progr****  da  collaboration  du  Laboratolra  da  DAtec- 
tlon  at  da  GAophyaiqu#  du  Commissariat  A  1'fnargla  Atomlque  (franca)  at  da  1' Atmospheric  Sciance  Croup  du 
Los  Alamo*  National  Laboratory  (USA).  Laa  explosion*  (approalaatlveaant  5  XT  d'ANFO  -  ammonium  nltrata 
fuel  oil  - ) ,  appaldao  Ninor  Scala  at  Niaty  Plctura  ont  au  1  lau  A  White  Sand  Missile  Range,  Mev  Mexico  (USA) 
la  2?  Juln  1965  at  la  14  Mai  1937. 

Laa  rAaultata  prAsentA*  dart  ca  rapport  a  ont  eeu*  qul  ont  4t4  obtenua  par  un#  expArlence  da  eondaf#  lono- 
aphArlqu*  vertical  effectuA#  A  una  dlatanca  du  point  aourca  da  I'ordra  da  30  A  38  ka.  La  but  da  t'expA- 
rlanca  4talt  d'Atudier  la  atruetura  fina  du  ailieu  lonl«4  A  partlr  du  aondeur  R8K  fonctlormant  al«ultan4- 
•ent  aur  6  frAquence#  da  aondaga,  choialaa  an  fonctlon  d«*  conditions  lonosphArlque*  foumlas  par  daa 
lonogrammaa  (Herbrete.iu,  1979).  D'autree  d4talla  expArlmentaux  ont  At4  foumla  par  alllaura  (Blanc  at 
llekel,  19*’''  Blanc  at  Jacobson,  1909), 

Laa  rAxultat*  d'autrea  axp4rlancaa  da  aondagea  ionoephArlquee  effectuAes  A  plua  grarda  dlatanca  pour  cat 
deux  mAoea  explosions  ont  4t4  dAcrltea  par  Jacobaon  at  al.  (1986,  19oo)  at  Fitzgerald  (1986). 

2 . 2  Interaction  en  prAaenc*  d'una  couche  Ea  occultants 


Lore  da  la  pr\?el£r*  expArlence  (A  18:20:00  T*«J),  laa  condition*  lonosphArlque#  n'Atalent  pas  favorablee 
p*“c#  qu'un*  coucha  E  aporadlque  (Ea)  intene#  na  permettait  psa  d'obtenir  daa  r4fl«xlona  au  niveau  da  la 
r4glon  F. 

La  figure  1  prAoent#  I'awplltude  d'un  Acho  obtenu  A  la  fr4quenee  de  Bondage  4.590  MHz  at  correspondent  A 
una  rAflexlon  au  niveau  de  la  couche  ta.  A*-snt  la  paaaage  de  la  perturbation,  on  observe  un  Acho  atabla 
obteru  par  rAflexlon  verticals  aur  la  base  Am  la  couche  Ea  at,  A  plus  haute  altitude,  dea  IrrAgularltAs 
de  feitle  amplitude,  dont  1'intensttA  dAcrott  loraque  1 'altitude  augments.  Cea  IrrAgularltAs  aublasent 
dec  fluctuation*  teeporelles  et  apatialea  aur  dea  Achellea  de  plualeura  aecondes  et  da  5  I  10  k».  Cea 
Achoa  as  produlsert  eur  ]<  base  paeudo-onduletolr*  et  IrrAguilAre  de  la  couche  Ea,  l'abaerce  de  directl- 
vltA  de*  entennea  permettant  d'obtenlr  dea  rAflexlona  oblique*  jusqu'A  dea  angle*  de  l'ordre  de  50  degrAa 
de  part  et  d'autre  da  la  verticals. 

Le  passage  de  la  perturbation  ae  tradult  par  deux  effete  : 

-  au  niveau  de  la  couche  Ea  elle-mA-ve,  deux  diminutions  bruaquea  de  I'amplitude  de  l'Acho  procuitea  par  le 
passage  dea  front*  avsr.t  et  arrlAre  de  l'onde  ;  la  couche  Ea  rest*  aenl-tranaparente  anrAs  i*  paaaage  de 
l'onde. 

-  au  niveau  dea  IrrAgularltAs  il  ae  prodult  un  change*vnt  de  la  structure  IrrAguilAre  du  allieu  au  niveau 
d'un  front  d'onde  qul  apparatt  A  18:25:30  TU.  Ce  front  peut  Itre  aulvl  pendant  environ  une  alnute  aur 
une  vlngtalne  de  kllomAtres.  Sa  vltesse  apparent#,  dAterwlnAe  par  lea  variations  de  hauteur  dm  rAflexlon 
par  unltA  d#  teep*  3«t  da  l'ordre  de  500  a/a  (figure  2).  Lee  IrrAgularltAs  appsralssant  A  la  suite  de  cm 
front  aont  caractArlaAes  par  dea  Achellea  tempore!!#*  et  apatlales  de  l'ordre  de  1-2  a  et  1-4  k». 

Afln  de  dAterwlner  lea  caractArlatlques  de  cette  structure,  der  analyse*  apectrale#  d#  1*  amplitude  de  cea 
irrAfularitA*  Achanti llonnAes  A  trol*  hauteurs  de  rAflexlon  dlffArente*  (115,  120  et  125  k*)  ont  AtA  effec¬ 
tuAe*.  Le  figure  3  compare  lea  spectre*  avant  le  passage  du  front  d'onde  (18:25:00  TU)  et  aprA*  le  passage 
du  front  (18.25:30  A  115  ka  et  18:26:00  A  125  km).  Lea  diffArents  spectre*  n'ont  pea  AtA  noroallsAs,  le 
spectre  de  rAfArenc*  reprAsentant  les  conditions  non  perturbAes  a  AtA  ouperposA  aur  cheque  apectre  en  trait 
fin.  Le*  caractAriatiquea  dee  spectres  sumblent  prochee  de  spectres  de  turbulences,  at  11  n'apparalt  pas  de 
pic*  A  des  frAqu-ncea  bl en  dAterminAea  ;  la  densitA  apectrale  eat  plus  iaportanta  aprA*  le  passage  du  choc 
dans  la  bands  frAquentlell*  considArAe. 

A  115  ka  A  40:26:30,  un  algnal  haute  frAquence  {*■  7  Hz)  apparatt  ;  il  a'aglt  d'un  rAs  1  du*  de  1'effet  Ooppler 
d’un  trajet  auppl  Amenta  Ire  (figure  4).  Une  analyse  dAtaillAe  de  ce  trajet  (Blanc  et  Rickel,  1989)  a  montrA 
qu'll  a'aglt  probablement  du  front  d'onde  qul  avalt  AtA  observA  A  plus  grande  distance  par  Jacobson  et  al. 
(1987),  et  qul  ae  propageelt  A  une  vltesse  supersonlqu*  (500  a/a)  A  base  de  la  couche  Ea. 

2.3  Interaction  dana  des  conditions  lonoaphArlqu**  norma? ea 

Lora  de  la  deuxtA®*  expArlence  (16:00:00),  lea  conditions  lonosphArlques  ftmlent  normal#*  et  lea  diffA- 
.  antes  frAquencea  du  sondeur  ont  AtA  ct^) isles  de  fa^on  A  observer  lea  effete  de  la  perturbation  dana  lea 
diffArentea  rAglons  de  1 ’ lonosphAre. 

•  Interaction  au  niveau  d'unc  couche  Ea  non  occultants 


La  figure  5  prAset.^e  lee  variations  de  1 'amplitude  des  Acho*  au  niveau  d'une  couche  Ea  non  occu.tarte,  qul 
prAsentait  des  fluctuations  irrAguliAres  au  aoaent  d«  1'axpArlence.  La  frAquence  de  Bondage  utilisAe 
(4.130  MHz)  ae  rAflAchiasalt  partiellement  aur  cette  couche,  le  niveau  de  rAflexlon  totals  ae  altuait  en 
rAglon  F  A  270  ke. 


Ur*  perturbation  laportante  apparslt  *  16 iO 6t»  TO,  different#  trajata  groaeUramnt  paralltl**  s*  aupar- 
poaant  mu  trajet  principal  j  un  echo  at  for**  snauita  4  baaa#  altitud#  (%90  1ai)  at  paralata  un  pau  plus 
4'un#  aimita  4  ur>#  hauteur  preaqu*  constant*.  Laa  caracUriatiqua#  da  cat  echo  aont  diffdrantaa  da  callaa 
daa  tfchoa  daa  couch##  la  iiabituai  lament  observe##  dans  I'lonoephAre  infArieur*  i  altitud*  InfAriaur#  4 
cal  la  daa  echo#  daa  couchaa  la,  vitaaaa  laportante  j  caa  reflexion*  aont  laauaa  da  stratifications  pro- 
duitaa  par  la  choc  acouatique  j  una  analyse  plus  ddtalllda  a  *td  nub i Ida  par  allleur*  (Blanc  at  Rlckal, 
IBM). 

La  figure  3  present*  la#  rdaultata  d'uns  analyaa  da  la  perturbation  da  l'dcho  principal,  laa  tisux  dia¬ 
gram—  hautaur  4a  r4flaxlcx,-t*«p#  aontrant  raapactiveaant  t 

•  la  pulaaanca  apactrala  avac  un  aaull  an  aaplltud#  dliainant  la  bruit,  dans  un  flltra  apactral  llaitd  4 
4ac  frequence#  Doppltr  da  -1  4  -9  Ha  (part la  infdrlaura  da  la  figure). 

••  U  frequence  Doppler  avac  un  aaull  at  xm  filtrate  aiailaii*  l  la  nivaau  da  grla  la  plus  Intense  repre¬ 
sents  daa  frequence#  Doppler  da  -9  Hi,  la  nivaau  la  plus  falbla  das  frequence#  da  -1  Hi  (partis  eupA- 
rlaura  4a  la  figure), 

Daux  trajata  different#,  correapondant  I  daa  vl teases  apparantaa  da  i’ordre  da  450  at  200  a/a  apparaissent; 
la  trajat  observe  la  dernier  eat  carsctArlal  par  laa  frdquancaa  Doppler  laa  plus  laportantaa. 

Pour  aieui  sAparar  laa  different*  trajata,  una  analyaa  aiailaira  a  ltd  affectuA*  avac  4  f litres  apactraux 
different*  da  -1  -  3,  -3  -5,  -5  -7  at  -7  -9  Hi  (figure*  7  at  6).  Laa  trajata  ont  daa  caractdriatiquea  dif. 
firantaa  t 

-  la  damiar  trajat  apparriseant  aat  ealul  qui  a  la  vitaaaa  apparent#  la  *oln#  dlavda  at  la  frequence 
Doppler  la  plus  laportante  (s  -8  4  -7  Hi). 

-  la  trajat  qui  apparel seal t  avant  aur  la  figure  6,  da  vitaaaa  apparent#  la  plus  grand*  aat  earact4r*s4 
par  una  frAquane*  Doppler  mine  laportante  (a  -5  Hi). 

Caa  raaarquaa  indi quant  qua  la  praaiar  trajat  cone* pond  probablanent  4  una  inflexion  aur  un  front  d'onda 
qui  pAnAtr#  an  region  PI.  La  plus  faibla  valaur  da  la  frAquane#  Doppler  aat  la  signs  d'una  valaur  plus 
falbla  4*  l' indie*  4a  refraction  j  la  second  trajat  aat  probeble—nt  obtanu  par  reflexion  partlelle 
oblique  aur  un  front  qui  sa  propage  4  plus  beano  altitude,  la  frequence  Doppler  dSterain*  slors  la  vi¬ 
tae  aa  4u  front,  1* indie#  de  refraction  etant  procha  da  l' unite. 

•  Interaction  an  region  I 

La  figure  9  present*  laa  variations  da  la  hautaur  4a  reflaiion  d'un  echo  da  region  S  obtanu  pour  la  mIm 
axperlanc*. 

La  parti*  superlaura  da  la  figure  represent*  1*  pavaeg*  da  l 'on da  da  choc,  cn  distingue,  da  la  aim  as- 
ni*ra  qua  pi  eeddewtent,  different#  trajata. 

La  partis  inferlaura  rapreaanta  la  mla*  signal,  avac  daa  echallas  different**  da  sanitra  4  vlaualisar 
plus  largemnt  laa  phAnomAnes  precedent  at  suivant  1*  paaaaga  da  la  perturbation.  Cette  figure  aontra  un 
chang—ant  da  la  atructur#  da  l'echo  au  moent  du  paaaaga  du  front  d'onda,  11  aubit  des  fluctuations 
d'aaplituda  avac  daa  periodic itia  da  l'ordr*  da  2  second—.  Caa  fluctuations  persistent  plusiaura  dliainaa 
4a  alnutaa.  Una  analyaa  pub  lie*  par  ailleur*  (Blanc  at  Jacobson,  1989)  a  mntre  una  deformation  bilate¬ 
ral#  daa  spaetres  da  l'affet  Doppler  correspondent  4  cat  affat. 

•  Interaction  an  region  r 

La#  flguraa  10,  11,  12  rapreaantant  laa  echos  obtanu*  pour  la  aim  experience  4  plus  haute  altitude  aur 
lac  frequences  4a  sondsg©  4.130  NHi,  4.700  Mis,  6.410  Wt. 

Bur  la  praaibra  da  caa  frequence* ,  on  distingue  una  ddcroiaeance  brusque  du  niveau  da  reflexion  pula  un 
signal  ecaplaxa,  compcsA  -1'un  aeianga  d’une  oscillation  de  grande  amplitude  at  de  different#  trajata  siat- 
lalra#  aux  trajata  da  region  I.  Ce  signal  aat  sulvi  d'una  oscillation  de  periods  de  1'ordre  da  10  second** 
qui  sa  prolong*  pendant  environ  10  alnutaa. 

Laa  affata  aont  axtrfeeaent  complexes  aur  la  frequence  4.7C0  MHz.  On  distingue  deux  augmentations  brusques 
da  la  hauteur  de  reflexion  des  echos  pouvant  lire  produitca  par  la  passage  dee  front*  avant  at  arri6rs  da 
la  perturbation  ;  la  presence  d'una  vs 11 A©  d* ionisation  au  passage  de  chacun  da  cas  fronts  paut  produira 
un*  augmentation  trAs  rapide  da  la  hautaur,  da  la  aArne  aaniAre  qua  las  valiees  d*  ionisation  au  nivaau  das 
frequences  critiques  das  regions  E  FI  sur  un  iono  gramme.  Ca  signal  est  suivi  d'une  oscillation  da  pe¬ 
riod*  da  p’usieurs  dizainea  de  second©*.  A  de*  hauteur*  da  reflexion  trAs  important—,  de  1'ordre  de 
500  In,  un  trajat  suppl Amenta  ir«  apparatt,  qui  pourrait  ftre  expliquA  par  une  reflexion  oblique,  aais 
1* origin*  du  rdflactaur,  front  d'onda,  irr£gularltA*,  instabllitAs,  n'a  paa  ete  identifies. 

Sur  la  frequence  6.410  MHx,  1*  signal  aat  different.  Sous  l'effat  du  flltrag*  de  1 'atmosphere,  la  pertur¬ 
bation  4  plus  haute  altitude  ast  plus  staple  ;  ell*  aa  coMpoae  da  deux  augmentation*  brusques  da  la  hau¬ 
taur  4*  reflexion  at  la  perturbation  aat  aodAlisable  par  una  ride  d' ionisation  pseudo-sinusoTdale 
(Blanc,  1964,  Pittaway  at  si. ,  1985)  ;  sa  longueur  d'onda  aat  da  1'ordr*  da  54  kn  si  on  suppose  un*  Vi¬ 
tesse  da  propagation  egala  4  600  a/a. 
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V*  mv  very  alallar  Ionospheric  events  following  sn  explosion  st  s  chsalcsl  factory 
In  the  tTK  (published  In  Nature  197]).  Thors  ve re  acoustic  vevaa  of  large  eaplltude 
but  ve  did  not  observe  the  generation  of  gravity  waves  with  periods  greater  than  the 
Burnt  Viscala  period.  We  found  the  HP  Doppler  technique  to  bc>  acre  sensitive  to 
transient  events  such  is  these  explosions  than  the  conventional  b'(t)  Mthod  (l.e., 
phase  height  changes  rather  than  group  height  changes) . 

AUTHOR'S  REPLY 

For  the  first  part  of  the  question  there  la  probably  a  threshold!  the  yield  of  the 
explosion  has  to  be  hlqh  enough  to  excite  gravity  waves,  for  the  second  part,  phase 
■easurseents  are  indeed  core  sensitive,  but  it  is  necessary  to  thoroughly  atady  the 
disturbances  and  the  wave  forms  to  have  both  phase  and  amplitude  data. 

J.  B.  BEX ROSE,  CA 

you  have  certainly  shoved  very  clssr  end  coaplex  effects  of  grand  lavtl,  powerful 
cheslcal  explosions  on  traditional  h'(t)  records,  sleilar  to  those  used  by  aary  early 
resaarchare  to  study  trsvallng  Ionospheric  disturbances  and  othar  naturally  occurring 
phenomena.  Ky  queetion  concerns  what  new  physics  can  be  learned  about  such 
observations? 

AUTHOR'S  REPLY 

The  wave  fora  dsforaatlon  when  the  altitude  inersaaas  can  be  used  for  studying  the 
filtering  affect  of  the  atnoopbere,  but  it  would  be  Bore  interesting  to  study  tho 
secondary  effacta.  The  long  duration  spectral  anoaallae  and  the  formation  of 
stratifications  In  the  lov/or  Ionosphere  era  not  understood.  Their  explanation  needs 
new  theoretical  approaches.  Thono  experinonta  can  yiald  alao  useful  data  to  study 
the  forcstlon  end  the  prepagation  of  acoustic  gravity  waves  which  can  propagate  over 
large  distances.  Jacoboon  (1987)  ebsorved  s  gravity  wave  with  another  sxpsrlsent  of 
CW  ionospheric  sounding  at  250  ka  froa  the  sxploaion  point. 
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SUMMARY 

Disturbed  ionospheric  and  space  conditions  arc  simulated  and  studied  with  laser-produced  plasmas  in  the 
Naval  Research  Laboratory  PHAROS  Laser  Facility.  Inl.nse  laser  pulses,  containing  up  to  1500  Joules  :n  3  ns, 
produce  plasma  energy  densities  over  1  Gigajoule/gm,  comparable  to  those  occurring  in  nuclear  detonations.  The 
expansion  of  these  plasmas  through  a  background  ambient  magnetized  plasma  simulate  high-altitude  nuciear 
explosion  (HANE)  effects,  as  well  as  supernova  shock  and  other  energetic  space  plasma  conditions  In  this  paper 
we  Rxus  on  effects,  such  as  blast-waves  and  plasma  instabilities  leading  to  nonuniform  and  disturbed  space 
environments  that  can  affect  space-based  communications  and  sensor  systems.  The  laser  experiment  is  useful  for 
investigation  of  mechanisms  accompanying  less  energetic  active  space  experiments  also,  such  as  chemical  releases 
and  partide  beam  injections.  In  this  connection,  we  describe  laboratory  experiments  demonstrating  the  existence  of 
the  large  Larmor  radius  (LLR)  instability  which  caused  the  pla..  na  structuring  observed  in  the  1955  magnetospheric 
AMFTE-barium  release  experiment.  Extensions  of  the  LLR-instability  experiment  into  the  nonlinear  regime  and 
towards  parameters  scaled  to  model  very  high-altitude  nudear  explosions  (VHANEs)  and  several  CRRES  chemical 
releases  are  outlined.  We  also  discuss  space  related  laboratory  experiments  on  blast-waves,  plasma  jetting,  MHD 
turbulence.  Finally,  the  NRL  Space  Chamber  program  is  described. 


INTRODUCTION 

Laser-produced  plasmas  provide  a  unique  laboratory  test  bed  for  investigation  of  energetic  space  plasma 
processes-  These  can  range  from  natural  phenomena,  such  as  supernova  shocks,  solar  wind  interactions  with 
comets  and  planetary  magnetospheres,  to  man-made  distuibances,  such  as  active  space  experiments  like  chemical 
releases,  space  particle  beams  injections,  and  high  altitude  nuclear  explosions.  Laser-produced  plasmas  can  S' 
formed  with  energy-densities  that  range  from  nudear-detonation-like  (-109  J/cc)  at  the  high  end.  down  to  strong 
coupled  plasma  whose  kinetic  energy  falls  below  its  interparticle  potential  energy;  plasma  |J's  (($  »  kinetic 
energy/magnetic  energy  density)  can  be  made  with  values  less  than  unity  to  several  hundred;  plasma  temperatures 
span  the  range  from  1  eV  to  multi-keVs,  and  directed  velodties  from  zero  to  over  10*  cm/»  These  conditions  can 
be  generally  achieved  with  good  control,  reproducibility,  and  diagnosibility. 

Because  of  the  great  versatility  of  laser-produced  plasmas,  many  ionospheric,  space,  and  HANE-related 
phenomena  can  be  studied  best  in  the  laboratory.  We  discuss  several  experiments  which,  hopefully,  will  bring 
some  insight  to  these  processes.  Here,  we  briefly  discuss:  sub-Alfvenic  plasma  expansions  across  magnetic  fields 
(such  as  the  large  Larmor  radius  instability),  blast-waves,  cross-field  plasma  jetting  and  plasmoid  formation,  MHD 
turbulence,  and  strong  coupled  plasma  production. 


FLASMA  FROFERT1ES 

Several  distinct  plasma  components  are  generated  in  laser-target  interactions  that  are  useful  for  space  plasma 
investigations;  these  include:  Ablation  plasma;  Ambient  plasma  (magnetized  or  unmagnetized).  Highly- 
accelerated  solid  targets;  Shocked  target  plasma;  Strong  coupled  plasma.  A  schematic  of  sources  of  these  plasma 
components  is  shown  in  Figure  1. 

Ablation  plasma  is  generated  directly  in  the  laser-solid  target  interaction.  Laser  energy  is  absorbed  in  the 
plasma  on  the  front  of  the  target  near  the  critical  density  UO21  e/cc  for  105  pm  Nd-laser  light).  At  high  incident  laser 
irradiances,  eg.,  above  1013  W/c mJ  the  ablation  plasma  has  the  highest  specific  energy  density  material  achievable 
in  the  laboratory,  of  the  same  order  as  in  nuclear  weapon  detonations  It  is  the  high  yield  to  mass  ratio  which 
allows  early-time  HANE  phenomena  to  be  simulated  in  the  laboratory  Of  course,  since  the  amount  of  material 
involved  in  the  laboratory  is  of  order  micrograms  compared  to  megagrams  for  a  nudear  device  the  laboratory 
explosion  is  vastly  miniaturized.  We  will  describe  the  scaling  between  HANEs  and  the  laboratory  simulations  in  a 
later  section.  The  ablation  plasma  subsequently  streams  away  from  the  focal  region  with  velodties  ranging  from  10* 
to  over  10*  cm/s.  depending  upon  irradiation  conditions. Ablation  plasmas  become  wind-like,3  in  which  most 
energy  resides  in  a  relatively  cold  (few-eV),  but  energetic  (multi-keV)  ion  component  after  expanding  a  few 
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Figure  1.  S.h< ratio  of  b«er-tjrget- 
pUsme  In.rr  rtjom  legions  of 
formation  of  ablaticn.  ambient, 
accelerated,  and  shot*  generated 
plasma  components  are  indicated. 


millimeters  from  the  focal  apot.  Ablation  plasma  has  many  characteristics  of  nuclear  weapon  expansion  and  the 
eotar  wind4  except  that  it  is  much  smaller  in  sire. 

Ambient  background  plasma  can  be  formed  simultaneously  with  the  energetic  ablation  component  by 
Weeding  gas  into  the  chamber  at  pressures  up  to  10  Torr;  the  gas  becomes  photoionized  by  laser-target  interaction 
radiation  in  the  vicinity  of  the  target5  or,  over  a  larger  volume,  by  means  of  a  prelorizer  device  Ambient  plasma  is 
typically  cold  (about  1  eV)  with  no  net  velocity  The  ablation  plasma  streams  into  the  ambient  media  and  causes 
interactions  that  emulate  many  magnclospheric  and  ionospheric  HANE  processes  that  can  be  studied  in  the 
laboratory.  At  low  ambient  plasma  detisities,  collisio.'less  coupling  instabilities  can  be  examined  while  at  high 
pressures  collisions]  phen  mena,  such  as  blast-waves* car  be  generated. 

The  expansion  of  the  ablation  plasma  puts  tremendous  pressure  (tens  of  Megabars)  on  the  remaining  target 
material,  acting  much  like  a  rocket  exhaust.  These  high  pres-ures  can  accelerate  the  remaining  n»arly  solid-density 
target-foil  to  speeds  over  100  km/s  2  Such  targets  undergo  accelerations  of  !0'6  cm/s2  or  more  at  high  density  and 
are  suscepriblo  to  hydrodynamic  instabilities,  such  as  Rayleigh-Taylor .*  Device  components  and  casings  undergo  a 
similar  magnitude  acceptation  during  detonation;  we  arc  attempting  to  understand  whether  and  by  how  much 
these  disassembly  instability  nonuniformities  seed  later-rime  structure  This  dense  phsma/target  component  is 
also  being  used  to  generate  and  study  high  Mach  number  MHD  turbulence  similar  In  appearance  to  that  seen  in  the 
Fish-bowl  high-altitude  test  series. 

Shock  waves  set  up  In  the  target  interior  by  the  high-pressure  laser/plasma  Impulse  can  create  still  another 
distinct  plasma  component  The  shocked  material  is  dense  and  of  low  temperature.  It  expands  towards  the  laser 
i  ke  the  ablation  plasma,  but  is  denser  and  slower  (V<  10*  cm/s).  The  amount  of  shocked  plasma  generated  can  be 
controlled  by  adjusting  >he  target  foil  thickness  or  by  using  special  target  geometries  such  as  cylinders.  The  HANE 
analog  to  this  shocked-plasmi  occurs  when  there  is  excess  mass  present  in  the  vicinity  of  the  detonation,  such  as 
rocket  casings  or  RV  materials  Shocked-plasma  has  been  especially  useful  in  our  studies  of  moderate-))  plasma  jets 
Plasma  jets  are  clumps  of  plasma  which  can  travel  many  gyro-radii  across  magnetic  fields;  they  may  be  involved  in 
HANE  cross-field  jetting  such  as  observed  in  STARFISH  and  other  high-altitude  tests.  Jetting  is  a  phenomena 
common  to  asymmetric  expansions. 

At  the  other  extreme,  an  especially  low  energy-density  piasma  (strong-coupled)  can  also  be  made  using 
lasers.9  Strong  coupled  plasmas  have  the  property  that  the  particle  kinetic  energy  is  less  than  the  mtrrparticle 
potentials.  Strong  coupled  plasmas  occur  in  Jupiter's  core,  planetary  nebulae,  railgun  plasma  armatures,  and  in 
aspects  of  conventional  and  nuclear  explosive  detonations,  to  name  a  few 


SCAUNG  FROM  HANE  TO  LABORATORY 

There  are  obvious  differences  in  leng*h,  time,  and  density  scales  between  HANEs,  space  plasmas  and 
laboratory  plasmas  First,  it  s!  ould  be  understood  that  there  is  no  universal  scaling  law  that  will  guarantee 
faithfully  reproduction  of  all  details  of  a  HANE  event  in  the  laboratory;  scaling  must  be  specific  to  the  phenomenon 
under  investigation.  For  collisions!  or  collisionless  dominated  plasma  effects,  scaling  laws  are  obtained  by  casting 
the  appropriate  governing  equations  (eg.,  MHD,  Vlasov  equations)  in  dimensionless  form;  the  dimensionless 
variables  then  define  the  scaling  relations 

For  situations  where  binary  collisions  dominate  the  expansion,  such  as  occurs  at  altitudes  bekrw  150  km, 
scaling  parameters  fall  nanrally  out  of  the  dimensionless  equation  for  a  strong  shock  wave. 10  Longmiie2*  showed 
that  if  the  debris  velocity  is  h.  id  fixed  (to  minimize  velocity  dependences  of  collisional  cross  sections)  then  most 
parameters  scale  with  the  er.-rgy  ratio  of  the  field-to-laboratory  explosions,  i.e.,  Y  -  Ej/E|.  Debris  mass  scales  as  Y'1, 
length  and  time  scales  as  Y  ,/2.  and  ambient  background  density  scales  like  Y1'2.  Kohlberg  derived  the  generalized 
collisional  scaling  relaticn  that  applies  for  arbitrary  velocity  ratio  and  showed  that  this  same  scaling  held  for 
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RayMgh-Taylor  Instability  driven  turbulence  processes  occurring  in  collision  dominated  expansions. 11  For 
oollisionles*  processes,  the  appropriate  scaling  relations  stem  from  the  dimensionless  Vlasov  equation  or  dispersion 
relations  for  the  relevant  instabilities  Longmire  also  derived  a  number  ot  these  scaling  laws  In  Reference  11. 

Sometimes,  it  is  often  difficult  to  satisfy  all  of  the  seating  laws  simultaneously  and  an  educated  compromise 
it  then  needed.  Dominant  parameters  for  the  phenomenon  are  picked  for  accurate  scaling  and  the  lest  crucial 
rariahles  art  allowed  to  deviate  from  exactitude,  as  long  as  they  are  still  in  the  proper  regime.  One  example  of  this 
It  scaling  of  the  magnetic  field  strergth  from  the  field  case  to  the  laboratory.  On  one  hand,  B  can  be  scaled  such  that 
the  Larmcr  radii  Kale  proportionally  with  lengths  (e  g  ,  or,  alternately,  B  can  be  scaled  so  that  the  magnetic 
energy  density  Kales  with  the  plasma  energy  density  (e  g.,  Y174);  the  former  requirement  mandates  megagauss  field 
strengths  while  the  latter  case  onlv  kilogauss  fields  for  proper  Kaling.  Both  can  not  be  satisfied  simultaneously. 
Thus,  judgement  is  used  to  choose  between  thim  In  another  example,  radiative  lifetimes  are  fixed  and  do  not  scale 
with  the  collisional  Kaling  rules  If  radiation  is  important  to  a  particular  problem  llien  it  must  be  given  special 
treatment  For  instance,  we  have  seeded  the  ambient  gas  with  high-Z  constituents,  such  as  Xe  gas.  or  used  mixtures 
of  gases  to  increase  radiation  loss  tor  specialized  cases.  A  beneficial  feature  of  laboratory  expiriment  is  that 
individual  parameters  can  be  widely  varied  and  scaling  assumptions  can  be  reliably  verified  In  practice,  parameters 
can  be  chosen  that  provide  good  simulations  for  most  needs  k 


LARGE  IARMOR  RADIUS  INSTABILITY 

The  Urge  Larmor  radius  (LLR)  instability  Is  an  good  example  of  a  space  (and,  very  high-altitude  nudear 
explosion  (VHANE))  phenomena  that  was  sealed  to  the  laboratory.  This  instability  was  first  observed  in  the  March 
1985  AMPTF.  barium  release  experiment  in  the  tail  of  the  magnetosphere  (about  12  earth  radii  away) 1  *  Marked 
strUtions  appeared  as  the  barium  plasma  expanded  to  its  maximum  radius  (radius  at  which  the  excluded  magnetic 
field  equaled  the  plastna  kinetic  energy)  even  though  the  barium  ion  Larmor  rad, us  was  very  Urge  (about  equal  to 
the  magnetic  confinement  diameter).  Huba  and  Hassam  developed  a  MHD-like  theory1415  for  sub-Alfvenic 
expansions  in  the  large  Larmor  radius  (LLR)  limit.  In  this  theory,  the  electrons  are  treated  as  being  magnetized 
since  their  orbits  are  quite  small,  but  the  ions  are  considered  unmagnetized  rince  they  have  Larmor  radii  large 
compared  to  wavelength  and  density  gradient  length  dimensions  and  because  the  lime  Kales  of  interest  are  faster 
than  an  ion  cyclotron  period  The  LLR  instability  is  the  analog  to  the  conventional  MHD  Rayleigh-Taylor 
(interchange)  instability  but  has  a  much  faster  growth  rate,  i.e.. 


fUA  »  klnlkM), 


(1) 


where  the  MHD  growth  rate  is  Tmhd  »  |g/Ul1/l,  k  is  the  instability  wave  number,  and  U  is  the  density  gradient 
length  in  the  expanding  plasma  leading  edge  Dominant  unstable  wavelengths  are  slightly  leu  than  L*  yielding 
LLR  instanility  growth  rates  factors  an  order  of  magnitude  higher  than  fMHD  A  laser-plasma  experiment  was 
launched  at  NKL  to  verify  the  existence  and  properties  of  this  new  instability  using  the  ablation  plasma  expanding 
fnto  across  a  magnetic  field  (up  to  in  kG) 16-17  Figure  2  shows  two  examples  of  the  unstable  plasma  structure;  the 
photo  on  the  left  is  an  example  of  structure  near  the  end  of  the  linear  phase  showing  the  well-developed  llute 
structure,  and  the  photo  on  the  right  is  an  example  of  the  very  unusual  structure  seen  later,  in  the  nonlinear  stage 
The  nonlinear  structure  does  not  really  saturate,  but  rather  ii  continues  to  expand  outward  at  approximately  the 
original  plasma  speed  even  though  it  is  well  beyond  the  magnetic  stopping  distance.  Eventually,  the  flutes  take  on 
an  erratic  structure  and  even  appear  to  bifurcate  It  appears  like  each  flute  tip  is  acting  tike  an  independent  plasma 
tet. 


Figure  2.  Two  examples  of  the  LLR  instability  seen  in  the  NRL  experiment.  Left  side  shows  instability  tmar 
the  end  of  its  linear  stage  (10  kG,  376  J,  99  ns).  The  right  side  shows  some  fascinating  bifurcation-like  structure 
appearing  ir,  the  nonlinear  stage  (10  kG,  30  J,  90  ns).  ‘ 
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LLK  fallibility,  Of  it,  r»l#(iv«,  cm  hive  Urge  potential  Impact  upon  ayttenu  op*r*tinj(  in  the  VHANE 
regime.  Sever  .1!  SDK)  engagement  accnarlo*  ex  cur  between  1500  and  3000  km  altitude.  1/  iruubiii  )  occun  here.  It 
represent*  a  mechaniim  through  which  nuclear  debfia  would  b«  throws  many  tfane*  the  magnetic  confinemmi 
radJui  from  the  bunt  point  In  a  very  atmetured  manner  Material  would  be  in)ecled  Into  a  boat  of  L**heUs  which 
coutd  affect  remote  aatcllites  ai  well  aa  precipitating  Into  the  atmosphere  over  a  much  wider  area  than  predicted 
with  oonrentionil  MHD  codes  Injection  of  nuclear  decay  betas  are  conjrctured  to  be  particularly  dangerous  to 
aatellitej.'*  The  scaling  of  the  U.R  Instability  Into  the  VHANE  regime  Is  aomewhat  uncertain  at  this  point  Two 
criteria  foe  Instability  are  that-  1)  the  Larmor  radius  to  density  acale  length  ratio  must  be  greater  than  unity,  and  2) 
the  magnetic  confinement  radlui,  Rj,,  needs  to  be  greater  than  the  density  scale  length  and  the  critical  radius  for 
onset  Re-  A  critical  radius  was  first  noticed  in  the  experiment  where  li  was  observed  that  the  HR  Instability  only 
appeared  beyond  a  specific  expansion  distance  <—2  5  •  3  an)  which  was  relatively  Independent  of  magnetic  field.  An 
expression  for  the  critical  radius,  R, ,  la 
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where  M  Is  the  total  plasma  truss,  m,  is  the  Ion  mass,  and  Z  is  the  ion  charge  state.  These  criteria  are  clearly  met  for 
VKANtU  above  7000  km  or,  potentially.  In  multiburst  situations.  A  note  of  caution,  these  onset  criteria  are  not  yet 
firmly  established  for  all  LLR  situations  and  even  when  not  satisfied,  the  usual  MHD  Rayleigh-Taylor  Interchange 
mode  may  well  still  be  unstable  It  is  still  an  open  question  whether  single  or  multiple  VHANE  hursts  will  be 
unstable  su  re  VHANE*  are  In  the  15C0  lo  3000  km  altitude  range  Since  Larmor  radii  are  small  compared  to 
magnetic  confinement  radii  here  (p,/Rb<  0  1),  both  the  theory  and  experiment  needs  to  be  extended  into  the  finite 
Larmor  radius  regime  The  most  important  parameter  appears  to  be  the  ratio  of  the  expanding  debris-shell  front 
density  gradient,  L„.  to  the  ion  Larmor  radius.  p„  it  p,/Ln  ratio  is  large  then  the  VHANE  may  be  unstable  even 
though  pi/Rb  «I.  Parameters  in  the  NRL  experiment  are  being  adjusted  to  explore  this  regime  currently 

Further  details  of  the  lirear  growth  and  nonlinear  development  of  this  experiment  can  be  found  in 
References  16  and  17. 


HIGH  MACH  NUMBER  SHOCKS 

When  an  ambten*  plasma  is  introduced,  the  Mach  number  of  the  ablation  plasma  goes  from  sub-sonic  (or 
•ub-Alfvctvic  when  R  >  0)  to  super-sonic  Mach  numbers  of  hundreds  are  easily  produced  Additionally,  when  the 
ambient  gas  pre^urc  is  above  0  b  Torr  (for  Vd  «  5  x  lO^cm/s)  collLsional  blast* waves  are  formed  A  good  example  of 
the  vanety  of  phenomena  that  can  appear  under  these  circumstances  is  shown  in  the  dual-time,  dark-field 
shadowgram  (backlit  with  laser  pulses  at  the  indicated  times)  shown  in  Figure  3  Very  strong,  thin,  energy  and 
momentum  conserving  shocks  are  seen  in  the  laser  side  of  ihe  target  as  the  ablation  plasma  sweeps  up  the  ambient 
media  *  These  shocks  behave  much  like  ideal  VonNeumann-Sedov  shocks10  but  do  exhibit  significant  deviations 
from  the  simple  theory.  At  least  four  important  unresolved  areas  remain  which  affect  KANE  interpretations  First, 
the  role  of  radiation  loss  from  ti*  blast  wave/bubble  system  has  been  briefly  studied  previously,  but  is  deserving  of 
a  concerted  effort;  it  was  found  that  radiation  transpori  can  indeed  affect  the  energy  balance  and  stability  in  blast- 
•  ave  expansions.  Second,  the  agreement  between  theory  and  experiment  on  the  transition  irto  the  cullisional 
regime  (between  0.1  and  l.C  Torr)  is  good.'***0  But,  coupling  efficiency  in  the  transition  regime  is  found  to  be  v..ry 
sensitive  fo  assumptions  in  quantities  such  as  the  ionization  state  of  the  debns  and  background  media  as  well  as  the 
shape  of  the  velocity  distributions  and  more  detailed  measurements  are  needed  to  remove  ambiguities.  Thi'd,  the 
temperature  of  the  maieiial  within  the  bubble  region  has  been  ambiguous;  in  some  measurements  it  has  been 
high,  as  expected  in  Ideal  Mast-waves,  and  in  other  measurements  it  has  appeared  much  cooler  (eg ,  few  eV).  Since 
the  bubble  interior  of  a  y  »  1.2  blast- wave  can  contain  up  to  00%  of  the  total  particle  energy,  the  concern  is  not  just 
academic.  A  hypothesis  thr.t  fits  these  observations  is  that  the  prompt  hot  ablation  plasma  forms  the  blast-wave 
structure  and  that  flow  cold  dense  material  spewed  *rom  the  shocked  portion  of  the  target  fills  the  bubble  later 
Fourth,  the  general  question  of  under  what  circumstances  blast-waves  are  hydrodynamically  stable  m  unstable  has 
not  hewn  answered.  Ideal  blast-waves  in  uniform  media  aie  inherently  stable.  But,  theory  and  simulation  of  ideal 
adf-similar  blast-wave*  suggest  that  hydrodynamic  instability  sets  in  if  the  ambient  density  falls  off  with  radius 
fester  tl.an  r°,  where  a  >  3,  and/or  if  the  effective  ratio  of  specific  heats  is  below  some  value  (eg ,  13).*1-22  Non-ideal 
blast  -waves  are  also  >usceptib1e  to  hydrodynamic  iitstability  if,  for  instance,  radiation  loss  rates  from  the  blast-wave 
front  are  suffinent  to  create  an  adverse  (Rayleigh-Taylor  unstable)  pressure/density  gradient  profile,  or  if  non- 
negligible  debris  mass  is  present  to  form  a  pusher  region  behind  the  shock  front.  Gross  instability  and  turbulence 
has  indeed  been  found  In  the  NRL  experiment  in  the  region  behind  the  target;5*  this  will  be  discussed  further 
below  and  in  Reference  23.  In  addition,  the  tront-side  blast-waves  have  been  induced  to  go  unstable  by  forming 
them  in  high-Z  (highly  radiative)  ga^es,  such  as  Xe.** 

More  wsrk  needs  to  be  done  in  this  area  since  knowledge  of  blast-wave  Instability  physics  b  needed  to  explain 
the  highly  structured  photographs  of  HANEs  taken  in  the  Fishbowl  series  as  well  as  to  explain  highly  structured 
aupemova  remnants,  such  as  the  Crab  Nebula,  seen  in  optical  and  radio  telescope  images. 


Figure  3.  Feature*  of  a  laser-plasma  ambient 
media  interaction  in  the  collisional  regime. 
Note  the  tharp  blast-fronts,  region*  of 
turbulence,  and  the  aneurism.  The  laser  it 
Incident  from  the  left  (36  J,  5  Torr  \'2,  A1 1.5  pm 
thick  target,  B  «  800  G,  t  ■  55  ns  and  155  ns) 


Note  the  small  scale-length  turbulence  formed  behind  the  blast  wave  shocks  (hazy  region  just  inside  the 
bubble*)  and  the  grots  large  scale-length  turbulence  formed  behind  the  target.  Finally,  one  type  of  'aneumm' 
feature  has  been  shown  to  result  from  a  cylindrical  shock  caused  by  laser  beam  warming  of  a  channel2*  or  by  jetting 
target  material. 


TtfURJUNCF 

tn  this  Section  the  nature  of  the  Urge  scale  turbulence  that  appears  behind  the  target  (e  g  .  Fig.  3)  is  briefly 
described.  A  much  more  complete  discussion  can  be  found  in  Reference  23.  Turbulence  (or  turbulent  appearing 
structure)  I*  seen  in  a  wide  variety  of  HANE,  natural  space,  and  laboratory  situations. 

The  turbulent  structure  U  most  risible  In  the  laboratory  when  optical  diagnostic*  sensitive  to  small  light 
deflection*,  such  a*  dark-field  and  phase  contrast  shadowgraphy  and  holographic  interferometry  are  employed. 
Structure  is  also  observed  in  the  natural  optical  emission  image  of  the  turbulent  region,  but  the  shorter  wavelength 
components  tend  to  wash  out. 

The  turbulent  plaana  is  generated  when  the  highly  accelerated  target  foil  (a  -  10'*  cm/*2)  pushes  into  the 
ambient  background  gas/plasma.  The  accelerated  material  has  high  Mach  number  and  speed  (M  -  100.  V,  -  100 
fan/s)  with  respect  to  the  ambient  media  Turbulence  is  not  observed  when  the  target  foil  is  accelerated  under  high 
vacuum  conditions,  nor  when  the  gas  density  is  low  (i.a.,  under  collisionless  conditions).  Even  though  the 
accelerated  foil  is  known  In  undergo  Rayleigh-Taylor  hydrodynamic  instability  during  acceleration,®  the  turbulence 
seen  at  late  times  (>100  ns)  does  not  appear  highly  correlated  with  the  initial  target  Raytetgh-Taylor  structure.  This 
seas  demonstrated  by  compering  results  from  otherwise  similar  smooth  and  pregrooved  accelerated  targets.  The 
turbulence  persists  for  long  periods  of  time  (-  microseconds)  compared  to  transit  times  of  the  debris  through  the 
background  gas;  Figure  4  shows  a  time  sequence  cl  the  turbulence  taken  on  separate  shots.  Observations,  such  a* 
recorded  in  Figure  3  and  4,  are  densito metered,  digitized,  corrected  for  film  response,  and  Fourier  analyzed  to  obtain 
the  turbulence  power  spectral  density  function.  A  typical  one-dimensional  spatial  power  spectrum  shown  in  Figure 
5,  baa  a  k*-2-'  scaling  (equivalent  to  a  k'J  2  two-dimensional  k-space  power  spectrum  dependence)  in  the  inertial 
range  between  an  outer  scale  length  of  1  mm  and  an  inner  scale  length  of  less  than  20  |tm  (true  inner  scale  length  is 
not  resolvable).2*  For  sake  of  comparison,  Kolmogorov  turbulence  [big  eddys  decaying  into  smaller  eddysj  is 
J*  rartericed  by  a  k  5/2  power-law  spectrum  between  the  Inner  and  outer  scale  lengths.  Eventually,  we  hope  to 
completely  characterize  the  nature  and  cause  of  this  turbulence  and  apply  the  findings  to  relevant  space  situations, 
such  as  supernova  remnant  observations.  c 


PLASMA  CROSS-FIELD  JETTING 

b  is  possible  for  plasmas  to  propagate  large  distances  across  magnetic  fields,  distances  much  greater  than  the 
magnetic  confinement  radius  or  ion  gyro-radius,  in  many  space  and  laboratory  situations.  This  cross  field  motion 
isn't  possible  for  isolated  charged  partictes  which  are  constrained  to  their  gyro  orbits,  but  plasma  clumps  can  act 
collectively  to  circumvent  the  applied  magnetic  field  force.  The  V„  x  B0  force  on  a  plasma  moving  across  magnetic 
field  Bo  with  speed  V„  causes  a  polarization  electric  field  Ep  to  form  inside  the  plasma.  The  plasma  then  responds 
to  the  Ep  x  Bo  »  V0  force  and  the  plasma  can  continue  forward  at  its  original  velocity  Charge  is  continually  depleted 
at  the  boundaries  in  this  process  due  to  the  decrease  of  Ep  in  the  boundary  layer,  and  the  cross  field  motion  will 
eventually  stop  when  insufficient  plasma  is  left  to  polarize.26  But,  plasma  depletion  rates  are  generally  low  and  the 
plasma  can  travel  great  distances  across  B. 
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Figure  4.  Sample  phase-contrast  (top)  and  brlght-fiold  (bottom)  rime  sequence  o<  the  turbulent  region.  The 
target  it  a  20  jim  CH  foil,  laser  energy  is  about  300  J,  and  the  background  gas  is  5  Tort  of  nitrogen. 


Figure  5.  One-dimensional  power  spectrum  of  the  turbulent  region  in  a  typical  shot. 
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Figure  6  shows  several  examples  of  cross-field  Jetting  observed  in  out  experiments.1?^  The  top  lett  image  U 
.  time-resolved  (-1  r*  thutter  time)  photograph  of  a  high-p  jet  produced  ximply  by  sperturlng  the  ablation  plaama 
with  a  cylindrical  mask  to  allow  plasma  sector*  to  flow  across  the  magnetic  field.  The  top  right  image  is  another 
time-resolved  photograph  of  a  moderate-0  Jet  produced  by  firing  the  laser  beams  Into  the  ends  of  a  small  glass 
cylinder  and  allowing  an  asymmetric  plasma  to  squirt  out  its  ends  across  the  magnetic  field.  Finally,  the  middle  and 
bottom  photographs  are  resonant  dye  User  shadowgrams  showing  a  low-0  barium  plasma  Jet  squirting  across  the  B- 
fietd  and  structuring  along  the  magnetic  fi'ld. 


Figures.  Three  examples  of  cross-field  plasma  jetting.  Top  left:  High-0  (>10)  ablation  plasma  jets  (aperture 
plasma)  with  V0-  5  x  10?  an/s,  10  kG,  90  ns.  Top  right:  Moderate-p  (-1)  cylindrical  tat  get  jet,  V0-  5  x  10*  cm/s, 
10  kG.  1000  ns.  Middle  left.  Low-p  (-0  05)  Barium-jet  with  V0-  106  cm/s,  10  kG.  -1000  ns.  Middle  right: 
Schematic  of  polarization  electric  field  corfigfcra tion  leading  to  cross-field  jetting.  Bottom:  Same  as  middle  left 
except  that  view  is  now  from  the  top,  i.o.,  cross  B  -lew;  note  the  fine  scale  B-field  aligned  structure. 
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T here  are  several  notable  feature*  of  our  laboratory  jets:  1)  They  occur  If  the  plasma  has  an  asymmetric 
expansion.  2)  They  propagate  great  distances  across  the  magnetic  field  at  nearly  their  initial  speed.  3)  They  tend  to 
pinch  down  at  their  leading  edge,  probably  due  to  curvature  of  the  internal  polarization  electric  field  4)  They  often 
form  field-aligned  structure  near  their  boundaries,  as  can  be  seen  in  Figure  6,  which  is  a  result  of  instability.  The 
Instability  seen  in  the  low-0  Barium  jet  case  (bottom  Fig  6  and  Reference  29)  is  consistent  with  one  of  a  recently 
discovered  new  class  of  instability,  nonlocal  velocity  shear  types,31  at  the  lower  hybrid  frequency.32  Figure  7  shows 
the  configuration  of  the  instability.  This  experiment  is  the  first  observation  of  the  new  instability.29  The 
Structuring  is  obviously  robust  and  is  expected  to  occur  in  many  natural  and  disturbed  space  situations  where  theie 
are  velocity  shears.  The  phenomena  occurs  not  only  near  the  lower  hybrid  frequency,  but  at  other  plasma 
frequencies  as  well.  For  instance,  nonlocal  velocity  shear  instability  may  explain  the  enhanced  broadband  noise  in 
the  Ion  cyclotron  range  In  the  auroral  ionosphere33  in  the  absence  of  sufficient  relative  drift  velocity  to  ctoss  the 
Drummond- Rosenbiuth  current  driven  ion  cyclotron  instability  threshold  criteria.  The  instability  seen  around  the 
periphery  of  the  cylindrical  jets  (moderate-0  cases)  has  a  much  longer  wavelength  than  that  of  the  low-0  case,  but 
can  also  be  explained  by  the  lower  hybrid  nonlocal  velocity  shear  instability  or,  possibly,  by  the  related  Kclvin- 
Kelmhottz  Instability.34 

Conditions  allowing  gross  plasma  jetting  to  occur  appear  In  many  natural  and  disturbed  space  situations. 
This  obviously  applies  to  HANEc  and  must  be  taken  into  account  to  properly  predict  where  the  debris  will  travel 
and  how  ft  will  structure. 


Figure  7.  Nonlocal  velocity  shear  instability  geometry.  An  electric  field  gradient  perpendicular  to  the  applied 
magnetic  field  causes  a  sheared  plasma  velocity  perpendicular  to  both  the  electric  field  and  magnetic  field  in 
response  to  the  E  x  B  plasma  drift.  The  shear  velocity  instability  develops  in  the  shear  region  with  wave 
numbers  of  order  kLe  <  1. 


NRL  SPACE  PLASMA  CHAMBER  PROGRAM 

The  Space  Plasma  Branch  at  NRL  is  building  up  a  new  large  volume  space  chamber  facility  The  Space 
Chamber  will  incorporate  a  large  'up  to  1.8m  x  5m)  low-energy  density  plasma  (  T*  •  0.1  •  10  eV,  ft*  -  103  - 1010  e/cc, 
Bq<  1000  Gauss)  for  experiments  requiring  much  lower  densities  and  larger  dimensions  than  the  NRL  Pharos  Laser 
Facility.  Space  Chamber  experiments  can  be  run  in  either  steady-state  or  pulsed  mode  (where  magnetic  fields  of  -  1 
kC  ran  be  imposed  on  the  volume).  Th»  large  size  of  th?  Space  Chamber  plasma  enables  investigations  of  space 
phenomena  without  the  interference  of  boundary  effects,  it  permits  detailed  diagnosis  of  wave  phenomena  using 
probing  techniques,  and  it  allows  in  situ  testing  of  space  instrumentation  before  launch. 

Figure  8  shows  a  schematic  of  an  experimental  arrangement  designed  to  study  the  nonlocal  velocity  shear 
instability  near  the  ion  cyclotron  frequency.  The  experiment  consists  of  a  large  magnetized  plasma  with  an  electric 
field  gradient  imposed  perpendicular  to  B.  The  gradient  scale  length,  Lgmust  be  lOp  or  less,  where  p  is  the 
appropriate  gyroradius  (pj  for  icn  cyclotron-like  modes,  and  pe  for  lower-hybrid  modes).  The  particular 
coTifigurabcn  shown  in  Fig.  8  with  concentric  biased  rings  to  setup  the  radial  electric  field  gradient,  would  drive  the 
instability  in  cylindrical  geometry  The  magnetic  field  strengths  required  are  only  50  gauss  for  ion  modes  (H*  at 
leV)  and  much  less  for  the  lower-h>brid  modes  The  potential  difference  in  the  shear  layer  need  only  be  of  order  10 
volts  for  the  parameters  assumed  here.  Weak  collisions  with  neutrals  would  be  tolerable,  and  even  useful,  for 
ionospheric  simulations.  A  variable  axial  current  can  also  be  Imposed.  The  plasma  parameters  needed  can  be  easily 
achieved  in  the  Space  Chamber. 
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Figure  8.  Possible  experimental  arrangement  for  driving  a  velocity  ahear  instability  in  cylindrical  geometry. 
Left,  the  Space  Chamber  with  plasma  source,  axial  magnetic  field,  and  bias  ring  to  create  the  electric  field 
gradient  Right  the  plasma  geometry  undergoing  instability. 


tn  addition  to  the  above  traditional  types  of  space  chamber  studies,  we  plan  to  direct  one  or  more  beams  from 
the  Pharos  laser  Into  the  Space  Chamber  to  permit  study  of  high-energy  plasmas  in  a  large  volume  space-like 
setting.  One  investigation  anticipated  is  to  examine  the  physics  of  the  formation  of  artificial  or  disturbed  radiation 
belts.  HANE  induced-belt  formation  and  evolution  is  undoubtedly  a  complex  dynamic  process.  Consequently,  it  Is 
important  that  modeling  efforts  be  guided  and  validated  wherever  possible  by  experiment.  Some  features  can,  in 
principle,  be  tested  with  active  space-based  experiments;  but  these  are  risky,  expensive  and  infrequent  endeavors. 
Laboratory  experiments,  on  the  other  hand,  can  provide  relevant  information  in  a  relatively  inexpensive  and 
flexible  test-bed.  Figure  9  shows  a  possible  experimental  arrangement  to  study  radiation  belt  phenomena.  A  beam 
from  the  high-power  (-1TW)  Pharos  Nd-laser  is  focused  onto  a  small  (mm  diameter)  target  suspended  at  an 
appropriate  point  (latitude  and  altitude)  in  a  dipole  magnetic  field  inside  the  NRL  Space  Chamber.  This  creates  a 
bunt  of  plasma,  with  nudear-like  energy  density,  that  scales  much  like  a  miniature  HANE,  with  comparable  debris 
velocities,  blast-wave  formation,  magnetic  bubble  formation,  temperatures,  and  disturbed  'nuclear'  conditions  to  a 
real  HANE.  Suprathermal  electrons  with  energies  of  several  hundred  kcV  generated  when  the  laser  beam  is 
focused  to  over  1014  W/cm3  has  many  of  the  salient  properties  of  HANE  fission  IJ-particles.  The  ambient  magnetic 
field  can  be  adjusted  and  scaled  to  other  characteristic  dimensions,  such  as  the  magnetic  containment  tadius  Rb  and 
radius  of  curvature  of  the  magnetic  field.  For  instance,  HANE-fls  have  pr  -  100  m  and  Rb  -  350  km  giving  pt/Rb  - 
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Figure  9.  Experimental  arrangement  for  study  of  radiation  belt  phenomena.  The  large  dimensions  of  the 
space  chamber  ensure  that  boundaries  do  not  dominate  the  physics  while  the  energetic  laser-produced  plasma 
provides  population'  for  the  dipole-field  (mock  radiation  belt  region)  with  large  Larmor  radii. 
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few  x  1(H  in  <  10  kG  field;  this  ratio  Is  comparable  to  the  laser  case  where  Rb  -  3  cm  and  pt  -  20  mm  (10  kGi  The 
ratio  of  Rg  to  the  dipole  field  dimensions  (eg  ,  to  the  earth  radius  R,.)  can  also  be  comparable;  eg  ,  Rg/R,  -  5  a  t)Tfor 
HAKEs  and  -  10-'  for  the  laboratory  ca*e  if  Rrt»b  ■  30  cm  is  chosen.  Scaling  can  be  made  even  more  precise  if  we 
fabricate  a  stronger  magnet.  The  large  dimensions  of  the  NRL  Space  Chamber  (1  An  x  Sm)  are  necessary  to  isolate 
the  artificial  belt  magnetic  field  lines  from  the  walls  and  to  minimize  boundary  effects.  The  chamber  car  be 
operated  either  under  high  vacuum,  -10' 7  Tore,  to  emulate  to  pressure  in  the  radiation  belt  region,  or  with  gas  Wed 
in  to  provide  neutral  collisions  characteristic  of  lower  altitudes  In  addition,  axial  magnetic  fields  and  external 
plasma  sources  (solar  wind  simulation)  are  also  planned  for  the  facility  and  can  te  utilized  if  needed.  Initially  the 
experiment  will  te  used  to  investigate  single-burst  events,  but  eventually,  multi-burst  scenarios  can  be  exammed 
when  a  second  Pharos  tsezm  Is  brought  Into  the  Fadlity  (Pharos  has  3  high-power  beims).  An  extensive  array  of 
diagnostic  equipment  Is  available  in  the  Pharos  Fadlity  to  make  detailed  measurements  of  the  artificial  belt 
formation  and  evolution,  these  diagnostics  Include;  optical  and  X-ray  streak  cameras,  multi-frame  fast  (100  ps) 
intensified  frrming  cameras,  mu!ti-f*ame  laser  schlieren  shadowgraph)-,  holographic  interferemetry,  dye  laser 
resonant  and  nonresonant  probing  beam,  space  and  time  resolving  IX,  optical,  UV  and  X-ray  spectrogi  aphs/OMAs, 
ion  and  electron  particle  detectors,  magnetic  field  probes,  6-CHz  osdllcscope,  etc.. 

The  Space  Chamber  should  be  completed  in  FY90  and  available  for  Initial  experiments  early  in  FY91 
Experiments  using  one  Pharos  beam  in  the  Space  Chamber  Facility  could  commence  later  in  FY91. 


SUMMARY  AND  CONCLUSIONS 

Laser-produced  plasmas  can  be  made  with  parameters  of  HANE.  Aspects  of  early-time  HANE  shocks,  and 
tome  jet-1; ke  features  car.  be  emulated  in  the  laboratory.  The  interadions  of  these  plasmas  with  magnetic  fields  ard 
other  plasma  components  produce  many  phenomena  which  resemble  those  observed  in  the  Fishbowl  series  of 
atmospheric  tests  Allhough  it  is  naive  to  believe  that  our  experiments  are  miniature  simulations  of  HANE 
phenomena,  laboratory  investigations  certainly  aid  in  their  understanding. 
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NRL  Space  Chamber  Unstable  Plasma  Geometry 


Figure  i.  Possible  experimental  arrangement  for  driving  a  velocity  shear  instability  in  cylindrical  geometry. 
Left,  the  Spare  Chamber  with  plasma  source,  axial  magnetic  field,  and  bias  ring  to  create  the  electric  field 
gradient.  Right,  the  plasma  geometry  undergoing  instability. 


In  addition  to  the  above  traditional  types  of  space  chamber  studies,  we  plan  to  direct  one  or  more  beams  from 
the  Pharos  laser  into  the  Space  Chamber  to  permit  study  of  high-energy  plasmas  in  a  large  volume  spare-like 
aetting.  One  investigation  anticipated  is  to  examine  the  physics  of  the  formation  of  artificial  or  disturbed  radiation 
belts.  HANE  Induced-belt  formation  and  evolution  is  undoubtedly  a  complex  dynamic  process.  Consequently,  it  is 
Important  that  modeling  efforts  be  guided  and  validated  wherever  possible  by  experiment.  Some  features  can,  in 
principle,  be  tested  with  active  space-based  experiments;  but  these  are  risky,  expensive  and  infrequent  endeavors. 
Laboratory  experiments,  on  the  other  hand,  can  provide  relevant  information  in  a  relatively  inexpensive  and 
flexible  test-bed.  Figure  9  shows  a  possible  experimental  arrangement  to  study  radiation  belt  phenomena.  A  beam 
from  the  high-power  (-1TW)  Pharos  Nd-Iaser  is  focused  onto  a  small  (mm  diameter)  target  suspended  at  an 
appropriate  point  (latitude  and  altitude)  in  a  dipole  magnetic  field  inside  the  NRL  Space  Chamber.  This  creates  a 
burst  of  plasma,  with  nudear-like  energy  density,  that  scales  much  like  a  miniature  HANE,  with  comparable  debris 
velodbes,  blast-wave  formation,  magnetic  bubble  formation,  temperatures,  and  disturbed  nuclear'  conditions  to  a 
real  HANE.  Suprathermal  electrons  with  energies  of  several  hundred  keV  generated  when  the  laser  beam  is 
focused  to  over  IO'4  W/cmJ  has  many  of  the  salient  properties  of  HANE  fission  ^particles  The  ambient  magnetic 
field  can  be  adjusted  and  scaled  to  other  characteristic  dimensions,  such  as  the  magnetic  containment  radius  Rb  and 
radius  of  curvature  of  the  magnetic  field.  For  instance,  HANE-jis  have  pf  -  100  m  and  Rt,  -  350  km  giving  pr/Rb  - 


Figure  9.  Experimental  arrangement  for  study  of  radiation  belt  phenomena.  The  large  dimensions  of  the 
space  chamber  ensure  that  boundaries  do  not  dominate  the  physics  while  the  energetic  laser-produced  plasma 
provides  populations  for  the  dipole-fieid  (mock  radiation  belt  region)  with  large  Larmor  radii. 
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DISCUSSION 


0.  8.  IRAK,  US 

Z  am  very  interested  In  your  dipole-like  field  configuration  to  simulate  the 
radiation  belts.  Are  you  Implying  that  the  gyro  radii  of  the  particles  produced  by 
the  laser  burst  is  such  smaller  than  the  chamber  dimensions?  What  would  the 
estimated  lifetime  of  such  particles  be? 

AUTHOR'S  REPLY 

Yes.  The  ion  gyro  radii  range  upward  from  -  1  cm  with  10  kG  magnetic  fields;  they 
can,  of  course,  be  made  arbitrarily  large  by  decreasing  the  field.  This  is  to  be 
compared  to  the  chamber  dimensions  of  about  2  m  x  5  m  and  typical  radii  of  curvature 
of  the  dipole  field  lines  of  10 *s  of  centimsters.  Thus,  ve  should  be  able  to  dial 
the  system  in  and  out  of  adiabatic  invariant  preserving  conditions.  It  will  be 
interesting  to  see  if  ve  can  configure  the  experiment  to  test  vhether  VLf-like  RE  can 
precipitate  out  the  energotic  plasma  trapped  in  the  dipole  field,  as  suggested  by 
your  paper  and  others  in  the  conference,  such  as  Burke's. 

The  lifetime  of  the  particles  in  the  dipole  field  should  be  long  compared  to  the 
longitudinal  and  azimuthal  invariant  time  scales  if  ve  can  achieve  the  desired  base 
pressure  of  the  chamber,  S  10~  torr.  Crudely,  mean  free  paths  for  ion-neutiral 
collisions  should  be  10's  of  kiloneters.  On  the  other  hand,  the  charge  exchange 
process  may  be  stronger,  vith  cioss-sections  perhaps  up  to  10-14  or .  If  so,  the  mean 
free  path  for  a  charge  exchange  event  may  be  as  short  as  loo  m  and  the  corresponding 
mean  collision  time  for  charge  exchange  ie  of  the  order  of  1  ms. 
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j  P.  k.  BZ» OOUUJT,  0* 

|  Xa  than  any  avldanca  of  coupling  between  1)  E-region  disturbances,  and  2)  tha  T- 

reglon  or  tba  magnetosphere? 

AOTBOR'E  REPLY 

Da  hava  no  data  in  tha  magnetosphere.  But  Cckhberg  (19)3)  published  an  observation 
of  an  Alfven  wave  in  tha  magnetosphere  with  tha  aatallita  Auraol  3  abova  a  250  t 
explosion.  Unfortunately,  it  naa  not  been  poaalbla  to  make  eotrralationa  with 
aatallita  data  for  our  experiments  bacauaa  tha  tiaa  of  tha  axploaion  la  choaan 
according  to  tha  aataorological  conditional 

t.  IcmtICRZR,  RE 

Row  doaa  tha  tiaa  acala  tries  tiaa,  fall  tiaa)  of  your  laaar  producad  explosions 
cospare  with  tha  tiaa  acala  of  EXP  (alactroaagnatic  pulaaa)? 

AOTBOR'S  REPLY 

Me  observe  two  typaa  of  alactroaagnatic  pulaaa  in  our  experiments.  Tha  firat  occurs 
from  tha  dynaalca  of  tha  laaar-producad  plasma  formation  which  haa  a  tiaa  acala 
coaparabla  to  tha  laaar  pulaa  duration,  i.a. ,  with  nanoaacor.d  riaa  and  fall  tiaaat 
this  would  correspond  to  a  proapt  EKP  caused  by  the  tlna  varying  thermo-electric 
v.-rrents  in  tha  explosion.  Tha  eecond  type  of  disturbance  wa  sea  corresponds  to  tha 
hydrodynamics  of  tha  expansion  of  tha  plaaaa  distorting  tha  ambient  magnetic  field, 
an  analog  to  KHD-EKP,  which  occurs  on  tana  of  nanosecond  time  scales.  We  do  nut 
generate  TREE  or  system  EXP  affects  induced  in  satellites  in  this  experiment. 


Modification  of  Tropospheric  Propagation  Conditiont 
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Meteorological  lr.*titut«  of  Hampurg  Ur  *«  *ity 
Bundesstrass*  55.  ?000  Hamburg  13  TRC 


Nummary ; 

Tha  propagation  mechanisms  of  ufta  short  rad'O  waves  and  microwaves  (10  m  •  1  mm)  are  governed  by  thf 
composition  of  the  troposphere  *n<j  their  spate  time  structure  of  the  refractive  mdei  field  After  a  short  d'scussioo 
of  the  natural  environmental  parameters  condensed  »n  the  complex  re'racbve  index.  some  ideas  and  eiamples  of 
man  made  changes  of  the  propagation  properties  of  the  lower  atmosphere  are  given 

Useful  effects  are  obtained  by  chaff  clouds  concerning  communication  channels,  masking  of  targets  or  meteo¬ 
rological  research  A  wide  field  of  possibilities  seems  to  be  within  the  scope  of  weather  modification  experiments 
But  due  to  the  huge  variability  of  doud  and  ram  parameters  only  mmor  propagation  changes  are  to  be  expected 

A  successful  application  of  remotely  determining  atmospheric  temperature  profiles  »s  the  modulation  of  the 
atmospheric  refractive  index  field  by  sound  wavvs  and  uackmg  the  accust«c  wave  fronts  by  an  Doppler  radar  (Radio 
Accust*  Sounding  System  •  RASS) 

Oil  and  alga  slicks  on  water  surfaces  may  change  the  ref!e<  ?>on  scattering  and  em  ss>on  properties  for  radar  waves 
They  also  suppress  evaporation  which  may  influence  the  envelopment  of  trop  cal  storms  but  just  so  evaporation  duct 
propagation  of  m.crowaves 

t.  ^tol'Oduction 

This  paper  will  g«vf  a  review  of  attempts  cr  founded  p--m  b-lit-es  to  mod*fy  the  non  mm/ed  atmosphere  (tropo 
sphere,  lower  stratosphere)  These  lower  layer,  of  the  a*'~-c".rir  err  are  resporvbm  for  the  most  propagation  effects 
of  ultra  short  rad-o  waves  and  microwaves  (wave  lengr*  %  on?A,.pr  *q  m  *nd  1  mm  or  frequences  between  30  GH/ 
and  300  GH/)  In  contrast  to  the  w.de  ionosphere  *r oq.i  c^t-on  researches,  here  no  special  coordinated  research 
programs  are  running  But  it  «s  a  very  interesting  f :cld  an d  the"*  «,re  *  lot  of  pcss-b'lities  for  rad'0  propagation 
purposes  some  of  which  are  well  estabMhed.  others  are  or"/  ideas  or  v.eoretical  p-oposals  In  this  lecture  only  the 
general  directions  can  be  touched,  two  points  w-n  tp  d:scus*.ecf  a  *<♦?>  b’*  more  Modulation  of  the  atmosphere  by 
sound  waves  and  the  effects  of  slick  covered  water  surfaces  (research  themes  at  Hamburg  University) 


2.  M krowiyt  propagation  in  the  non-ionirtd atmosphere 

2.T  Characfen/a  f/on  of  fhe  mtdium 

The  propagation  properties  of  electromagret-c  *3^  4or  thr  medium  'atmosphere-  are  mostly  described  by  the 
refractive  index  n  Hence  the  ana'ysn  of  transmission  >'  oss  o*  >gnat  amplitude  and  variation  m  transit  time)  over 
a  given  path  is  commonly  performed  by  describ  rg  the  •*  i-j.-nr  uence  with  a  transfer  function  defined  by 

i  =  «/>!*(—  |»t  f.  j  Hf  ;  -  -  # *■  /  |  0) 

for  propagation  of  plane- wave  radiation  with  frequency  •.  ovr ■»  the  distance  l  (c  is  the  speed  of  the  light  and  \c  the 
vacuum  wavelength)  The  dimensionless,  generally  co~  p-e*.  n ve  mde*  is  written  as 


or  reduced  for  air  to  a  refractivity  N  in  units  of  parts  per  million  (or  N  >ts)  because  the  refractive  inde*  of  air  is  only 
slightly  greater  than  unity 


.V  =  tn  -  | no*  =  («•  -  1)10*  *  I*  10*  --  ,V*  *  «.'* 

For  nno-ioni/ed  air,  the  refractivity  consist  of  three  components 

N=  ♦  rfMvl  *  ,.V|v>  ™ 

namefy,  a  frequency-independent  refractivity  N0  (valid  for  v  <  10  GH/)  plus  vario  t s  spectra  of  refractive  dispersion 
dN(v).  and  absorption  effects  N*  (v)  due  to  resonances  of  oxygen  and  water  vapor  within  the  microwave  domain  As 
well-known,  the  frequency-independent  first  termjs  given  by  half  empirical  formulas  (e  g  from  Smith  and  Wem- 
traub,  1953)  and  can  becakuiated- m  altraightTorward  manner  by  aid  of  available  meteorological  parameters  (p 
total  pressure  in  mb,  T  temperature  in  K,  e  water  vapor  pressure  m  mb). 


77  6  p  (tr  3  75  10  f  (j) 


The  first  two  terms  are  the  result  of  induced  molecular  polarization  of  air  and  water  vapor,  respectively,  the  third 
term  represents  the  effects  of  the  permanent  dipole  moment  of  the  water  vapor  molecule  (Debye-term).  Included  in 
the  composition  of  dry  air  are  0  03  H  carbon  dioxide 


i 
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The  sensitivity  to  atmospheric  parameters.  under  the  assumption  of  thf  ICAO  Standard  Atmosphere,  may  be  rad 
from 

&X  r  017  V-  *  *7  if  *  4  5  3*  lmmr/M*M,rfiirrt  ^ 

IN  *  tJ  303*-05(>ir  ♦  ?5Av  htlioino  ^ 

Tht  nex*  equation  gives  the  surface  conditions  for  optical  waves  Note  hara  the  very  small  influence  of  water  vapor 
(omission  of  tha  Oeoye-term) 

&Nm  *0*73# -0«Sir-0044#  ^ 

Tba  ovarall  arror  using  fq  (5)  at  saa  lava!  amounts  to  0  5  #4  Tha  error  for  an  improved  aquation  (Thayer,  If 74)  wilt 
range  from  0  02  %  for  dry  air  to  about  0  OS  S  for  extremely  moist  air. 

Tht  affect  of  tha  most  present  trace  oas  carbon  dtov  da,  constantly  increasing  may  be  estimated  by  the  additional 
term  (Thayer,  1974)  ~~ 


NiCOf)  *  — p—  UHCOJ  -  0  4# 

A  doubling  of  the  actual  value  of  3$0  ppm  (pCo,  ■  0  354  mb)  results  in  an  increase  of  N  by  0  16  N  units  (*  0  05  S3  A 
short-term  variation  by  an  order  of  magnitude  corresponds  to  1  5  N-units. 

The  absorption  and  dispersion  affects  for  frequencies  >  10  GHz  (up  to  1000  GHz)  are  contributions  from  several  lines 
of  water  vapor  -  fJ^yand'oxygen  -  (44)  resonances  and  may  be  formulated  as  (Liebe  at  al .  1977, 1978.  liebe,  1981) 

4Wlv|  *  V  i*  ppm  a«d  Nm  ~  ^  (SFm)f  in  ppm  (?) 

where  S  rs  the  line  strength  and  f*  or  f *  are  shape  factors  Tha  N*-  term  has  to  be  completed  by  soma  correctionsdue 
to  wmg  terms  or  cluster  effects  liebe  (1981)  has  given  a  computer  program  to  evaluate  the  dispersion  and 
absorption  effects  Some  examples  of  dN  (v)  and  N*  (v)  for  three  different  humidities  and  two  temperatures  as 
functions  of  frequency  are  Qiven  in  Fig  1.  Absorption  bands  and  window  regions  are  recognisable  Withm  the  ab¬ 
sorption  bards  anomalous  df'Spersion  occurs 

The  refractive  index  of  air  may  be  changed  by  admixed  particles  or  hydrometeors  (water  drops  in  clouds,  fog.  or 
ram).  From  a  two-phase  mixing  formula  for  spheres Twater)  within  a  host  material  J»>r)  (Ulaby  et  al ,  1986) 


where  em.  th.  ew  are  the  relative  dielectric  constants  of  the  mixture,  air  (host)  and  water,  respectively,  and  V*  is  the 
water-inclusion  volume  fraction,  follows  (approximately)  for  the  contribution  of  droplets  to  tne  refractivity  H 


- 1)10*  *  N  = 


10*3 rV 


Here  n  is  the  refractive  index  of  water,  r  the  number  density  of  droplets  per  unit  volume  of  air,  and  V  the  volume  of 
an  individual  droplet.  The  real  part  of  the  complex  index  (water  is  a  lossy  medium)  is  shown  in  Fig  2  for  different  ram 
rates  as  function  of  frequency.  The  contribution  may  reach  some  N-units  for  very  intense  ram  The  shown  refractive 
index  cui  ves  are  determined  oy  the  frequency  behaviour  of  water. 

Plasma  refractive  effects  can  be  ignored  within  the  lower  atmosphere.  Apart  from  lightning  channels  with  an 
electron  concentration  up  to  TO1*  cm-3,  the  tropospheric  air  contains  a  number  of  positive  and  negative  (so-called) 
small  ions  (cluster  ions)  built  up  by  hydration  (for  instance,  H3O*  (HjOJn  or  Oj  (HjO)©.  n  up  to  about  10).  The 
number  density  near  land  surfaces  amounts  to  105  cm  -3  and  to  107  cm  -3  over  the  oceans.  The  contribution  to 
refractivity  (real  part)  may  be  determined  by  (Hartmann  et  at ,  1984) 


N  - - - - -10*  WJA  j-  1.2.3 

J  t.m.Vnvr 
*  t 

whete  j  *  1  corresponds  to  electrons,  j  *  2  to  positive  ions,  and  j  *  3  to  negative  ions,  r  is  the  number  density,  e 
electron  charge,  c©  dielectric  constant  of  free  space,  and  v  the  frequency.  Using  Sl-units  for  the  physical  constants  it 
follows  from  tq.  (10) 

N  =  -40  3  10*  -5  for  eUcbvnt,  and 

V* 

Wj,  j  *  -  - - —  for  poo  ^.nd  rug  tons  ' 

For  the  mass  of  the  ions  122  amu  was  assumed,  the  density  is  in  m-3  and  v  in  Hz.  The  contribution  of  the  ions  fa  j  * 
1000  cm-3)  amounts  for  a  frequency  of  1  G  Hz  to  *2  •  10*7  N  -  units  ( -0  08  N-units  for  the  same  number  of  electrons), 
that  is  to  say,  the  correction  is  only  of  academic  interest. 


*  u,m  ,0'  ror'l a?*'  ('  *  intensity -dependent)  refractive 

I Tr«riin  f  19&3)  - 


index  contribution!  may  be  given 


(11) 


*£*J*  fk  n  the  density  of  each  gas  (m  l).  /  the  mt^nv ty  of  the  source  (GW/m>  )  end  v  (y)  is  the  non'inear  ind.. 
coefficient  These  e  Meets  are  relevant  fo-  h.gh,  peak  power  laser  or  maser  propagation’  through  the  atmosphere 

yji,L,  °L  ,nl,,nc*'  ihr  '",,nVy  T  ,he  ir’"  ' 1  (Gaussian)  beam  is  higher  thin  at  the  bord?  -  a  beam-induced 

,f1dfi  gradient  m±y  lead  to  i*lf  focussing  phenome n*.  * 

11  Tropospheric  propacaffon  mechanfimi 

Th#  composition  o*  th#  a.r  *od  th*  prevailing  Mnjctuf*  of  the  tfopovpher.c  refractive  index  field  (mean  and  fluc- 
tuat-ng  component*)  m  vpace  and  time  determine  the  propagation  mecbarntmt  as  redaction,  scintillation  ducting 

reflection,  multi  path  propagation,  scattering,  and  absorption  (fig  J)  '  *' 

If*  propagation  has  its  special  lass  of  signal  amplitude,  change  of  pola'ieation,  variation  in  transit  time  or 

phase  Shift,  all  dependent  «r0m  the  generally  romplei  and  frequency-dependent  refractive  index  To  modify  the 
propagation  medium  one  has  to  change  the  refractive  inde.  either  by  chang, no  the  composition  of  the  air  or  bv 
altering  ,ts  structure  An  essential  role  may  also  have  the  refractive  index  and  the  "structure  fimooth,  rough  layered 
of  the  underlying  surface  of  the  earth  *  '  '  ' 

t  Xocfffrubon  jTtheeefractfv#  fndtx oftir 

|  J _  Changes  of  the  reaf  refractive  index  of  afr 

of  the f  radio  refractive  mdei  of  the  atmosphere  is  extremely  large  as  well  in  space  (s  wodd 
cram  of  N  Bean  et  al .  .963)  as  in  time  (d.urna!  and  annual  var.ations  up  to  60  N  un.ts)  Special  topographical- 
induced  effects  co  the  meteorolon.cal  environment,  travelling  weather  systems  with  strong  frontal  lines  or  other 
sto'm  types  provde  or  the  ever  aftCMtmg  refractive  index  f.etd  and  its  propagat.o.n  effects  So  an  an.f,cil  change 
*  a  ho^!«s0opeerat*onef^Ct,V'ty  °f  th*  ** by  ching,ng  the  t«mP*f»»ure .  or  the  hum.dity,  or  the  suspension  content 

Onfv  a  horrible  scenario  *s  the  nuclear  winter  foMow-ng  a  major  nuclear  exchange  (1000  -  10  000  Mt  nominal)  would 
fead  to  a  decisive  modification  of  microwave  propagation  due  to  the  new  refractive  index  structure  of  the 

VfSS?  ,.fre  1nd  lan°  Tre:T15ndou'  ^^ounts  of  smoke  parities  (say  200  m.ll.on  tons)  and  dust  (say  up  to 

1000  million  tons)  would  be  miected  into  thp  Imnnsnhp.e  xnrl  lvm,p»  n_-.i _ .  ,  > _ r  . _ 


ill.Tudf  range  will  have  increased  by  80  C  or  more  A  very  Stable  atmosphere  is  the  consequence  with  strong  verticil 
If vLt,s9«f<1Tn,2i  Th,”*'°“ld  be  Hj*  hotbed  (or  multiple  path  propagation  due  to  ducting  and  reflecting  (top  of 
the  clouds)  effects  Also  the  change  of  surface  propert.es  with  froren  and  perhaps  sne  -.-covered  ground  (persisting 
for  several  mounths)  influences  the  propagation  conditions  considerably  J  v  9 


S-l  Nonlinetr  effects 


h3***?T9y  "™r  bjami  through  the  atmosphere  ,$  subjected  to  a  w.de  variety  of 

tf  et.s  et  *1  1^83.  Zuev  et  ai  t985)  Besides  the  weU  known  linear  phenomena,  such  as  absorption  scat¬ 

ter  no  and  diffraction  from  density -dependent  refactive  index  gradients  several  nonlinear,  i  e  intensity-dependent 

2T2f*?2fL?T5  £;  WOrth  '•'°n,inear  thermal  blooming,  self-focus.ng  (self-trapping)  of  laser  beams* 

stimulated  scattering,  air  and  aerosol  induced  breakdown  effects  or  beam  induced  plasma. 


Absorption  and  emhsion  of  the  atmosphere  (nois?) 


4.1  Me  f  u  rat  ef/eefy 

Microwave  absorption  and  emission  in  the  troposphere  is  dominated  bv  oxvG»n  and  water  vannr  OtK»r  *trrwv 

«  Os.  SOy.NyO.  NOy.  CoVa.  NH3,  OH.  H  N  O 3^0 OTamcjnefBfKerf^Bve'also  se  veraf abso  rpt*on 
hi  r'g,0n  duf  ,0  ,he,r  i™"  “>"«"1'*ion  a.  sea  level  and  the  large  pressure  broadenlnq 

r?ajor'  _  contributions i  to  tne  microwave  absorption  spectrum  are  negl^ible  in  comparison  to 
oxygen  and  water  vapor  The  situation  is  demonstrated  in  Fig  5.  y  yot  m  comparison  » 

M  '^0n*  gISTIh  filir Viir* sj’sln9  !h<(  absqrpt.on  bands  of  oxygen  or  wa-er  vapor  (say  near 

60  GHe,  1 18  GHz,  183  GHz,  325  GH*)  allows  controlled  communication  links  for  small  distances.  7 

mc-eas-s  essentially  .1  clouds,  fop,  snow,  or  cam  are  present  An  impress.on  mav  owe 
Operators*  p,ed''tlon  0>  ra,n  *t'*nuation  m  space  ancTtime  ts  an  important,  But  very  difficult,  tasf  for  all  raduolink 

The  absorption  properties  are  also  responsible  for  the  generation  of  atmospheric  radio  no.se  The  no.se  eff.r.  nlavs 
!f)Tn)l[D*2rt.',r9i*ru0  dfg'adm?  ”9n^  to-noise  level  lot  low-noise  systems  tRarTHoes'absorpt.on  .tself  AMre^ 
quenc.es  above  1  GHy  the  em.ss-on  from  the  gaseous  atmosphere  (HyO,  Oy)  is  a  significant  source  of  external  noise 
limiting  lowmo.se  communication  or  navigation  systems  (see  F.g,  7a)  Again  clouds  and  prec.p.tat.on  enhancj  thj 
environmental  (thermal)  no.se  of  (he  atmosphere  (see  F,g  7b)  for  very  funh  ram  rates  the  noise  temperature  cor 
resoends  to  the  environmental  temperature  Below  500  MHy  other  radio  noise  sources  begin  to  dcrr?na-e  as  oaVct.v 
ItreTm™"  *  n°''*'  °r  a,mo,phe,,t  no,ie  9*ne.ated  by  sferjes.  which  are  wide  band  pulses  radiated  by  bfh  nmg 
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4J?  Modification  p ossfb/Jftfet 

Th*  increase  of  minor  constituents  of  the  atmosphere  (e  g.  CO2  problem)  by  human  activities  is  a  relevant  problem 
for  questions  of  climatic  change  because  most  trace  gate  belong  to  the  greenhouse  gases.  But  the  influence  on 
microwave  attenuation  or  noise  generation  cere  away  wit!  iin  the  effects  ofthe  natural  turbulent  environment. 

Short-term  propagation  experiments  with  an  artificial  injection  of  absorbing  gases  into  the  rather  turbulent  lower 
atmosphere  promise  no  success.  Perhaps  a  method  of  laser  weapon  counter  measure  by  placing  strong  absorbing 
gases  in  the  laser  path  producing  so  thermal  blooming  may  be  considered. 

At  a  first  sight,  experiments  which  change  the  cloud  and  precipitation  conditions  of  the  ctmosphere  may  appear 
promissing  tor  propagation  questions  due  to  the  strong  interaction  of  microwaves  and  hydrometoors.  This  topic  is 
close  connected  with  the  wide  and  complex  field  of  weather  modifications  With  few  exceptions,  weather  modifi¬ 
cation  refers  to  the  artificial  modification  of  clouds.  Experiments  in  cloud  modification  consist  of  seeding  the  clouds 
with  some  material,  and  are  usually  undertaken  with  one  of  following  goals  in  mind:  (1)  to  stimulate  previpitation 
(rain  or  snow),  12)  to  dissipate  fog  or  clouds,  and  (3)  to  suppress  hail.  The  activities  are  worldwide.  Varying  degrees  of 
success  have  been  reported  for  each  type  of  experiment.  However,  it  is  very  often  difficult  to  obtain  convincing 
evidence  that  an  experiment  was  successful  because  of  the  targe  variability  that  characterizes  clouds.  Nevertheless, 
evidence  is  emerqinq  from  a  few  carefully  regulated  experiments  that,  under  the  appropriate  conditions,  modest 
changes  in  cioud  structure  and  precipitation  can  be  effected  by  seeding.  Due  to  these  general  uncertainties  and  the 
wide  natural  variations  of  cloud  or  precipitation  parameters  in  space  and  time  an  utilization  of  these  results  for 
radiowave  propagation  appeared  not  necessary  up  to  now.  Eventually  the  steady  increasing  employment  of  mm- 
and  sub-mm-waves  may  after  this  situation.  From  Fig.  8  may  be  deduced  how  small  the  modification  of  attenuation 
(for  different  wavelengths)  will  be,  if  the  rain  rate  is  changed  by  a  moderate  (say30H)  amount  what  may  be 
expected  by  weather  modification  efforts.  The  effect  on  noise  temperature  may  be  seen  from  Fig.  7b. 

S.  Admixture  of  chaff 

Chaff  -  a  cloud  of  many  dipoles  or  thin  aluminum  foil  or  metallized  glass  strips  released  irto  the  air  -  was  used  for  the 
first  time  (in  V.'orfd  War  II)  tc  produce  large  reflecting  areas  for  radar  waves.  In  this  way  the  radar  cross  section  of  a 
target  (aircraft)  behind  the  cioud  can  be  reduced.  But  with  chaff  also  communication  channels,  especially  for  over- 
the-horizon  links,  can  be  established  via  scattering  processes  at  the  chaff  cloud.  Today  the  theoretical  and  practical 
experiences  are  sufficient  to  use  a  chaff  channel  when  there  is  only  a  short-time  need  for  a  communication  purpose 
and  the  meteorological  situation  is  unfavourable  for  a  troposcatter  link  (lamped,  1976). 

For  remote  sensing  of  the  vertical  wind  speed  within  the  upwind  tube  of  thunderstorms  disposed  chaff  mav  be 
tracked  b>  Doppler  radars. 

<■  Mixluhhtion  ofthe  atmosphere  by  sound  waves 

A  special  preparation  of  the  atmosphere  is  carried  out  for  a  remote  sensing  technique  to  get  temperature  profiles  of 
the  atmosphere.  This  method  is  a  combination  of  radar  and  acoustics  andhas  been  giver,  the  acronym  RASS:  Radio 
Acoustic  Sounding  System  (Marshall  et  at.  1972,  Peters  et  al.  1983).  Briefly,  a  sound  packet  directed  vertically  into  the 
atmosphere  is  tracked  by  a  Doppler  radar,  and  the  speed  of  the  acoustic  packet  provides  the  environmental  air 
temperature.  An  acoustic  wave  travelling  through  the  atmosphere  may  be  viewed  as  a  local  condensation  of  the  air 
followed  by  a  rarefaction.  Their  density  variations  cause  a  change  in  the  refractive  index  of  air  that  scatters  back  a 
small  part  of  the  electromagnetic  energy.  The  sound  speed  is  related  mainly  to  the  (virtual)  temperature  T  which  can, 
therefore,  be  derived  from  the  Doppler  shift  of  the  scattered  signal. 


f.i  /  RT 

.,»7  =  (v7) 


(12) 


where  v,  is  the  sound  speed  (m/s),  f0the  Doppler  frequency  (Hz),  \,  the  radar  wavelength  (m),  R  the  gas  constant,  y 
the  ralio  of  specific  heats  of  air  ( •  1.4),  M  the  mean  molecular  weight  of  the  constituents  of  the  medium. 


Acoustic  sources  with  wavelengths  ranging  from  1.5  cm  to  4  m  have  been  used.  Also  different  modes  of  RASS 
operation  has  been  tried,  i.e.  pulsed  or  continuous  acoustic  sources  and/or  pulsed  or  continuous  wave  Doppler  radars 
(Peters  et  al.  1983).  The  method  makes  use  of  the  enhancement  in  the  backscattering  by  matching  the  acoustic  wave¬ 
length  to  half  of  the  radar  wavelength  (Bragg  scattering  condition)  and  by  making  use  of  the  focusing  effect  of  the 
spherical  wave  fronts.  But  the  horizontal  winds  displace  the  acc  Stic  wavefronts.  Thereby  the  focusing  effect  is 
negated  causing  a  limitation  in  altitude  (lower  boundary  layer,  say  t  km).  Aligning  .ne  antennas  in  winddirection 
with  a  movable  radar  receiving  antenna  on  the  leeward  (for  instance,  mounted  on  a  rotaiy  system  as  in  Hamburg) 
may  enlarge  the  height  range  a  little  bit  large  aperture  antennas  or  arrays  of  antennas  and  low-noise  receivers  may 
also  be  effective.  Experiments  in  Japan  (Mazuda,  1988)  with  steerable  radar  beams  to  allow  for  the  effect  of  the 
horizontal  displacement  of  the  acoustic  radiation  by  wind  get  temperature  profiles  up  to  22  km. 

Acoustic  sources  with  wavelengths  ranging  from  1.5  cm  to  4  m  have  been  used.  Also  different  modes  of  RA'iS 
operation  has  been  tried,  i.e.  pulsed  or  continuous  acoustic  sources  and/or  pulsed  or  continuous  wave  Doppler  radars 
(Peters  etal  1983).  The  method  makes  use  ofthe  enhancement  in  the  backscattering  by  matching  the  acoustic  wave¬ 
length  to  half  of  the  radar  wavelength  (8rigg  scattering  condition)  and  by  making  use  of  the  focusing  effect  ofthe 
spherical  wave  fronts.  But  the  horizontal  winds  displace  the  acoustic  wavefronts.  Thereby  the  focusing  effect  is 
negated  causing  *  limitation  in  altitude  (lower  boundary  layer,  say  1  km).  Aligning  the  antennas  in  winddirection 
with  a  movable  radar  receiving  antenna  on  the  leeward  (for  instance,  mounted  on  a  rotary  system  as  in  Hamburg) 
may  enlarge  the  height  range  a  little  bit.  large  aperture  antennas  or  arrays  of  antennas  and  low-noise  receivers  may 
also  be  effective.  Experiments  in  Japan  (Mazuda,  1988)  with  steerable  radar  beams  to  allow  for  the  effect  of  the 
horizontal  displacement  of  the  acoustic  radiation  by  wind  get  temperature  profiles  up  to  22  km. 

Some  examples  of  measurements  may  demonstrate  the  eminent  efficiency  of  the  method.  Fig.  9  shows  a  time  series 
in  a  fixed  height  measured  simultaneously  by  RA3S  and  an  electric  thermometer.  In  Fig.  10  a,  a  RASS-temperature 
profile  is  compered  with  a  radiosonde  and  in  Fig.  10  b  with  a  profile  determined  by  a  58  GHz  •  radiometer  (angle 
scanning  mode).  With  modem  systems  a  height  resolution  down  to  10  m  may  be  achieved  and  accuracies  up  to  0.1  K 
(Peters  et  al.  1988)  Also  atmospheric  systems,  as  developing  or  dissolving  temperature  inversions  or  weather  fronts 
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may  be  observed  continuously  and  analysed  in  dctal.  Fig.  1 1  gives  the  passage  of  t  cold  front  In  Fig.  12  a  profile  up 
to  22  km  (Masuda,  1938)  it  tncwn  gained  with  a  high-pcv.fr  monostatic  VHF  •  rtdar  (A  »  3.4  m)  with  a  steerable 
beam  and  a  high-power  acoustic  source 

7-  Surface  films  on  wafer  surfaces 

7.1  Genera*  remarks 

The  presence  of  oil  layers  or  moromolecular  films  of  organic  or  artificial  material  may  effect  the  properties  of  the  sea 
surface  in  several  ways.  The  emission  of  electromagnetic  radiation  and  the  scattering  of  radar  waves  are  changed 
and  a  modification  of  air-sea  interaction  processes  (as  evaporation)  sets  in  There  are  three  types  of  layers  to 
distinguish  Whereas  thick  mineial  oil  patches  normally  are  a  consequence  of  tanker  accidents,  natural  mono- 
molecular  films  produced  by  plankton  and  nsh  occurvery  often  in  coastal  regions  of  high  biological  productivity,  and 
artificial  monolayers  formed  by  oleyl  alcohol  films  are  used  for  scientific  experiments.  The  monolayers  have  a 
thickness  of  the  order  of  3  •  10-»nm,  so  that  the  amount  of  film  material  floating  on  a  sea  surface  of  1  km*  area  is 
less  than  2  liters  Oil  slicks. 're  typically  several  mm  thick 

7.2  tmisslon  of  the  m.-fece  fbrrchtness  trnperafure) 

The  brightness  temperature  is  proportional  to  the  emissivity  of  the  surface  material  and  its  physical  temperature. 
The  emissivity  of  a  smooth  surface  is  (as  the  reflectivity)  a  function  of  the  comple*  dielectric  constant  of  the  emitting 
surface.  Generally,  the  dielectric  constant  of  an  oil  layer  is  muen  smaller  than  that  of  sea  water,  and  the  emissivity 
end  so  the  brightness  temperature  consequently  greater.  However,  because  of  multiple  reflections  at  the  air-film 
and  film-sea  interfaces,  standing  waves  can  be  set  up  resulting  in  an  brightness  temperature  variation  having  a 
strong  dependence  on  the  layer  thickness  (Fig,  13).  So  measurements  of  m.crowa-e  radiometers  installed  at  airplanes 
or  satellites  can  be  used  not  only  tn  detect  the  presence  of  oil  slicks,  but  also  to  i  stimate  its  thickness  (if  using  two  or 
more  frequencies). 

The  influence  of  monolayers  is  somewhat  different  compared  to  the  thicker  oil  films.  As  mentioned,  the  brightness 
temperature  is  a  function  of  th*  ccmplex  dielectric  constant  of  the  upper  layer  of  the  ocean.  However,  the  thickness 
of  the  efficacious  layer  Hof  the  order  of  the  penetration  depth,  which,  tor  sea  water,  varies  between  1  cm  and  1  mm 
H  the  frequency  increases  from  1  GHa  (30cm)to20  6H2  f  1.5  cm).  That  means,  the  microwave  brightness  temperature 
should  normally  not  be  effected  by  a  monomolecular  film.  9ut  experimental  investigations  with  airborne 
radiometers  at  t.43  and  2.65  GHa  yield  a  somewhat  surprising  result  (Alpers  et  al.  1932).  The  measurements  show  (s. 
example  in  Fig  14)  that  at  1  43  GHa  the  brightness  temperature  drops  down  by  several  tens  of  degrees,  whereas  the 
brightness  temperature  at  2  65  GHa  is  not  effected  This  implies  that  at  1.43  Gilt  (21  cm)  the  emissivity  of  the  film- 
covered  sea  (.  leyl  alcohol)  is  extremely  small,  similar  to  a  metallic  layer.  The  effect  was  interpreted  as  a  reonant- 
type  pheiomenon,  that  means  the  film-water  layer  is  polariaed  and  exhibits  an  anomalous  dielectric  relaxation 
regime  (e  «  5 . 104)  centered  at  a  frequency  dose  to  1.43  GHa.  The  wind  speed  during  the  experiment  (North  Sea 
r.ear  Sylt)  was  between  12  snd  16  knots. 

Additional  to  the  influence  of  the  surface  material,  the  surface  roughness  increases  the  b  ightness  temperature  of 
a  clean  surface  due  to  Bragg-scattering  effects  of  the  rough  surface  andToam  formation.  The  damping  cut  of  the 
wave  structure  by  oil  films  or  other  films  reduces  the  increase  of  brightness  temperature  because  to  a  film-covered 
surface  becomes  smoother.  Calculations  of  the  difference  in  antenna  temperature  (proportional  to  brightness 
temperature)  between  oi'-covered  and  oil-free  surfaces  gives  Fig.  '5.  An  additional  decrease  of  the  brightness 
temperature  is  due  to  the  fact  that  th;  film  inhibits  the  generation  of  foam  and  white  caps  which  ;s  also  cotrtr.-lled 
by  the  wind  speed  According  to  the  last  figure  the  wino-relcted  effects  of  a  film  on  the  brightness  tarnpeiature  can 
be  ignored  for  frequencies  below  3C  GHa  if  the  wind  tpeed  is  below  1 0  m/s  (AT  <  4  K)  At  higher  wind  speeds  the  oil 
slicks  breaks  up  into  small  patches  and  become  ineffectiv.  Then  a  radiometer  cannot  work  as  an  oil-slick  monitor. 

7.3  (Udartjcksratterfnoeffects 

Surface  films  of  oil  or  biological  or  artificial  material  influence  the  scattering  effects  of  a  rough  surface  by  damr  ng 
out  the  ocean  waves  So  the  detection  and  monitoring  of  oil  spill,  or  other  slicks  et  the  sea  surface  by  raria  -s  is 
possible  (De  Loor  et  al.,  1978).  Experiments  were  conducted  with  artificial  monolayer .  in  wind  wave  tanks  and  c  *r 
the  open  sea.  Fig  16  shows  radar  cross  sections  fa.  a  9  8  GHa  radar  of  a  clean  water  surface  compared  with  a  tj*  n- 
covered  surface  carried  through  in  the  wind  wave  tank  in  Hambjrg  (Feindt,  1985).  Below  a  wind  speed  of  13  rtvs  a 
depression  of  "he  scattered  energy  by  the  film  is  observed,  at  13  m/s  the  radar  cross  sections  for  the  clean  and  slick- 
covered  surfaces  become  equal  At  this  wind  speed  the  slick  is  'washed  down"  by  breaking  waves  Open  oepan 
experiments  confirm  the  depression  of  radar  cross  sections.  The  maximum  measured  difference  between  a  slick- 
covered  area  and  a  non-Hick-ccivered  area  during  airborne  experiments  over  the  North  Sea  at  a  frequency  at  13  9 
CHz  (HuhnerfuB  et  al.,  1978)  was  7.3  t  3  5  d3,  which  implies  that  about  80  %  of  the  energy  of  the  surface  wave 
component  with  a  wavelength  corresponding  to  the  Bragg  condition  is  lost  by  damping  effects.  These  sn-oothing 
effects  may  become  important  for  the  interpretation  of  remote  sensing  results  or  surveillance  of  polluted  ocean 
surfaces. 


7.4  KtUrdttht-  bf  evaporation 

A  surface  sficknot  only  damps  small  surface  waves  but  modifies  essentially  air-sea  interaction  parameters  as  dynamic 
roughness  length  to.  the  turbulent  fluxes  of  momentum,  censible  heat,  latent  heat,  and  other  exchange  processes. 
Of  some  importance  is  the  retardation  of  evaporation  1  (the  suppression  of  the  latent  heat  flux),  “tactical  interest 
exists  in  the  field  of  hunican  abatement,  conversion  of  water  in  larger  water  reservoirs  or  lakes,  and  reduction  of 
duct  propagation  through  the  evaporation  duct  above  the  sea.  Experiments  on  Lake  Hefner  with  monolayers  result 
In  •  reduction  of  evaporation  of  about  65  H  (Mansfield  et  al.,  1973).  From  this,  55  H  are  due  to  molecular  barrier 
effects  of  the  Tim  and  10  H  to  wave  damping  effects  which  decrease;  the  roughness  parameter  ip.  Tne  bulk 
aerodynamic  method  of  the  meteorological  boundary  layer  theory  gives  for  E 
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where  £  i*  the  rate  of  evaporation  per  unit  area  and  time,  p  the  density  of  air,  a  the  v.  barman's  constant,  us  the 
mean  wind  velocity  at  a  level  z i  near  the  surface  (say  IQ  m),  z<,the  roughness  length  (typically  0.018  cm),  qt  the 
specific  humidity  at  n,  und  q0«he  saturation  value  of  specific  humidity  for  the  surface  temperature.  Using  typical 
values  of  z0  and  us  from  an  experiment  with  artificial  sea  slicks  on  the  open  oceans  (Barger  et  at.,  1970),  one  can 
confirm  with  material  that  modify  wave  parameters  only  (no  barrier  effect),  the  expected  10  34  reduction  of 
evaporation.  The  main  effect  is  given  by  films  that  act  as  a  barrier  to  molecular  transfer  and  reduce  the  gradient  of 

moisture  (qt  -qo)- 

The  flux  cf  moisture  determines  the  refractive  index  gradient  (via  the  moisture  gradient)  above  the  sea  (s.  Eq.  Sa). 
The  thickness  of  the  evaporation  duct  z.  which  controls  the  propagation  (at  low  elevation  angle)  of  radar  and  micro- 
waves  above  the  sea  in  about  80  34  of  time  may  be  approximated  by  (neutral  conditions) 


l 
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where  Ni  -  N0  is  the  refractivity  difference  between  the  measuring  height  zi  and  the  (saturated)  surface,  and  1/r0  is 
the  curvature  of  the  earth  (  «  0  1 57 . 10-6  m-').  The  thickness  varies  generally  between  0  and  40  m  in  temperate  and 
subartic  latitudes.  Superdetection  ranges  or  field  strength  enhancements  for  microwaves  (up  to  the  multiple  free- 
space  level)  are  possible  (s.  Fig.  17),  but  also,  especially  within  the  horizon,  very  low  field  strength  levels  (so-called 
radio  holes)  may  occur.  Under  neutral  conditions  (Tt  -  T8  •  0 )  a  retardation  of  evaporation  of  60  %  by  a  monolayer 
reduces  also  the  thickness  of  the  evaporation  duct  by  60  34 ;  for  non-neutral  conditions  a  smaller  temperature  effect 
(s.Eq.  5  a)  has  to  be  regarded  In  Fig.  17,  a  50  34  reduction  of  the  duct  thickness  would  compress  the  whole  scatter 
diagram  between  a  thickness  of  0  and  10m.  and  a  field  strength  between  -5  and  SOdBu.  For  radar  or  communication 
systems  in  costzl  regions  of  high  biological  productivity,  natural  monolayers  may  disturb  the  propagation  conditions 
in  a  noteworthy  way  if  microwaves  are  used. 

t.  Concluding  remarks 

Summing  up  it  is  to  say  that  in  the  field  of  modifying  microwave  propagation  in  the  non-lonized  atmosphere,  there 
are  a  lot  of  ideas  but  there  are  only  a  few  relastic  applications.  These  may  be  the  admixture  of  char f.Ttirzdulation  of 
the  atmosphere  by  sound  waves,  or  the  utilization  of  surface  films  (for  instance  within  the  scope  of  monitoring 
ocean  surfaces).  An  influence  on  tropospheric  propagation  could  be  better  attained  by  the  methods  of  Electronic 
Counter  Measures. 
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Fiq.  1:  Attenuation  and  refractive  dispersion  »n  (deviation  of  n  from  the  frequency-independent 
tent)  of  3:  dry  (RH  *  5  X),  2:  hunld  (RH  •  50  X)  and  1:  saturated  (RH  ■  100  X)  air  at  sea  level 
for  temperatures  of  -5°C  and  35°C  ever  the  frequency  range  of  15  ...350  Olz  (A  :  20  ...0.86  «*) 
after  liebe.  19S1 ;  es:  saturation  pressure;  J w'  absolute  huildlty;  solid  and  dotted  curves  refer 
to  two  different  models  of  the  additional  contributions  of  the  continuum  spectrum. 
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fig.  7  a:  Calculated  sky  radiometric  tentzerature 
for  several  zenith  angles  In  the  0.1  -  100  GHz 
region  (Standard  Atmosphere  with  7.5  g  it-3  absolute 
Ihfltdlty)  (s.  Ulaby  et  al . .  1981). 


fig.  7  b:  Brightness  temoerature  Tg  of  raining 
clouds  as  function  of  rain  fall  rate  RR  at  three 
frequencies  and  two  zenith  angles  1.  Rain  (Marshall- 
Palaer  distribution)  Is  cortlned  with  a  curnlus 
Cloud,  cloud  top  3  ks  (Richter,  1981). 
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DISCUSSION 


A.  FRASER-SKITH,  US 

Host  fog  and  rain  in  tha  world  today  is  polluted  to  some  extant  by  pollutant*  *uch 
as  SO,f  which  sake  tha  watar  acidic.  Doe*  this  alter  tha  sicrovav#  absorption 
characteristics  of  fog  and  ruin  (aerosol*  ara  also  important) .  If  so,  can  slcrovava 
techniques  be  used  to  aeasure  tha  acidity  of  fog,  rain,  &  aerosols? 

AUTHOR’S  REPLY 

There  will  be  an  affect  via  tha  changed  dielectric  constant  of  tha  polluted  drops, 
but  water  is  tha  determining  material,  and  the  affect  will  be  c?  second  order. 
Applicable  slcrovava  techniques  via  propagation  affects  are  not  known,  perhaps  on* 
idea  is  the  determination  of  drcplet  characteristic*  by  polarization  vector*. 

J.  H.  RICHTER,  US 

RASS  cannot  separat*  vertical  v!i.1  fluctuation*  from  temperature  change*.  War*  the 
vertical  wind  fluctuations  corsj*.'  *sd  in  the  example  presented? 

AUTHOR’S  REPLY 

The  data  presented  were  avenged  over  many  minutes  and,  unites  there  is  a  constant 
bias,  fluctuations  due  to  wind  should  not  be  important.  In  addition,  the 
measurements  shewn  were  cupportsd  by  independent  measurement*  of  the  vertical  wind 
component . 

X.  SCHWE7CHER,  BE 

Bow  do  you  d«flne  the  visibility  distance  you  used  on  your  plot  of  the  rain 
attenuation  as  s  function  of  the  frequency?  Is  it  the  distance  at  which  you  perceive 
a  unitary  contrast  bar  pattern  with  a  contrast  of  21  ? 

AUTHOR'S  REPLY 

Yen,  this  is  the  normal  meteorological  process  to  estimate  the  visibility. 
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Thim  paper  attempts  to  review  the  nowadays  predominant  areas  of  imaginable  sys¬ 
tem  applications  of  anthropogenic  modifications  applied  to  the  ionosphere.  Re¬ 
levant  conditions  are  indicated,  such  as  the  natural  systems  environment,  areas 
of  possible  modifications,  and  aspects  of  compatibility  and  mterf erence.  This 
discussion  then  leads  to  resultant  criteria  of  applications  to  systems  and  re¬ 
quired  support  measures. 


i .  Introduction 

Ever  since  the  effect  of  wave-interaction  or  ionospheric  cross-modulation  bet¬ 
ween  two  radio  transmi salons,  or  the  so-called  "t  uxembourg-fif  f  ect“ ,  was  first 
verified  in  the  early  1930s  and  published  in  1933  <1.1>,  there  has  been  no 
doubt  that  the  entire  field  of  changing  the  ionosphere  by  artificial  means  re* 
presents  a  fascinating  area  of  research.  The  use  of  this  reoion  of  the  Earth's 
ateosphere  -  and  thus  a  classical  propagation  medium  -  as  a  huge  laboratory  has 
certainly  yielded  a  considerable  amount  of  insight  into  physical  processes  in 
the  ionosphere,  end  promises  to  bw  of  such  service  in  the  future. 

Further  development  up  to  the  early  1970s  and  the  establishment  of  ground-based 
high-power  facilities  to  "heat"  ionospheric  regions  led  to  a  wide  spectrum  of 
results  which  also  indicated  some  preliminary  concepts  with  regard  to  a  system- 
oriented  evaluation  <1.2  -  !•&>• 

Within  the  activities  of  the  AGfjRD  Panel  cn  Electromagnetic  Wave  Propagation,  a 
number  of  scientific  meetings  contained,  in  their  proceedings,  contributions  on 
the  subject,  as.  for  example,  those  held  in  1973  <1.6>,  1976  <l.7>,  1977  <l.8>, 
1979  < 1. 9>,  1900  <1.10,l.ll>,  1982  <J.12>,  1983  <I.13>,  1988  <I.14>,  and  1988 
<1.13>.  Of  these,  the  one  in  1976  <1.7>  actually  concentrated  on  the  topic  of 
artificial  modification  of  propagation  media. 

Compared  with  the  early  investigations,  continuing  research  and  more  advanced 
technology  have  augmented  the  data  reservoir  in  the  field  of  ionospheric  modi¬ 
fication.  Ionospheric  heating  at  various  power  levels  and  chemical  releases  in 
the  ionospheric  region  have  been  documented  in  a  large  number  of  review  papers 
<e.g.>1.16  -  1.23>.  Reference  Is  also  made  to  relevant  chapters  in  recent  edi¬ 
tions  of  the  Reviews  of  Radio  Science  which  are  issued  at  triennial  intervals 
by  the  International  Ihlor.  of  Radio  Science  (U.R.S.I.)  <1.26  -  1.31>.  In  an  ap¬ 
propriate  section  of  this  paper,  more  details  are  to  be  summarized  with  respsct 
to  system-related  aspects. 

Rpmrt  from  modification  experiments  for  pure  research,  the  importance  of  system 
applications  increases,  also  in  proportion  to  costs  of  investigations.  At  the 
same  time,  the  chances  of  seriously  considering  actual  engineering  applications 
improve  with  the  progress  made  in  a  detailed  knowledge  of  physical  processes 
initiated  by  modification  experiments,  and  thus  with  their  reproducibility.  The 
still  rather  dynamical  development  and  the  continuous  augmentation  of  results 
•Mggest  that  anticipated  system  implementations  ar*  served  best  by  identifying 
general  boundary  conditions  connected  to  such  applications!  it  will  be  attemp¬ 
ted  to  meet  such  an  objective  as  well  as  possible. 


A  summary  of  the  natural  propagation  conditions  encountered  by  systems  is  fal¬ 
lowed  by  sections  on  areas  of  possible  modification,  end  on  compatibility  and 
interference!  then  criteria  of  system  applications  and  required  support  measu¬ 
res  are  addressed.  In  addition  to  publications  in  the  open  literature,  the  ma¬ 
terial  used  for  and  the  contents  of  this  paper  consist  of  unclassified  and  gen¬ 
erally  available  information  kindly  supplied  for  this  purpose  by  the  USAF  Geo¬ 
physics  Laboratory  and  the  Allied  Radio  Frequency  Agency  (ARFA)  as  well  as  doc¬ 
umentation  of  the  Comlte  Consul tatlf  International  de  Radiodiffusion  <CCIR>  of 
the  International  Telecommunication  Union  <ZTU>. 
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2.  Natural  Propagation  Environment  of  Systems 


2.1  Goner a 1  Propagation  Conditions 

To  consider  the  sf facts  of  any  aodi ficatlcn  it  is  undoubtedly  essential  to  look 
at  the  appropriate  conditions  prevailing  in  the  absence  of  or  prior  to  such  ma¬ 
nipulation.  To  discuss  the  system  applications  of  ionospheric  modi f i cat  ions , 
the  netural  propagation  environment  encountered  by  typical  system  categories 
shall  thus  bo  used  as  a  guide! ins. 

The  overal  1  Intjutncy  Spectrum  of  interest  extends  up  to  about  tOOO  THzj  table 
2  shoms  the  nomenclature  generally  considered  valid*  as  well  as  typical  system 
features  As  a  summary  of  propagation  effects  on  al 1  paths  other  than  those  de 
pending  on  ground  characteristics,  fig.  S  illustrates  the  atmospheric  propaga¬ 
tion  environment  and  its  effects  within  the  spectrum  10  kHz  to  100  GHz  <2.i>. 
For  the  troposphere,  a  distinction  has  been  eade  for  typical  altitude  ranges  of 
clouds  in  lower ,  medium  and  upper  heights.  Ionospheric  layers  are  also  indica¬ 
ted,  as  well  as  orbital  altitudes  of  geo-stati onary  satellites  and  the  aeon. 

Effects  resembling  reflections  in  the  ionosphere  are  the  governing  factor  up  to 
frequencies  of  about  30  MHz,  with  some  partial  transparency  in  the  lowsr  fre¬ 
quency  range.  The  range  of  ionospheric  scatter  propagation  and  meteor  back- 
scatter  uay  extend  up  to  1 00  ttHzj  a  higher  lleit  would  be  valid  for  artificial¬ 
ly  produced  scattering. 

The  preVerred  spectral  range  for  communication  via  and  remote  sensing  froa  sat¬ 
ellites  and  other  spacecraft  commences  at  about  100  MHz |  above  about  X0  GHz, 
high  signal  attenuation  may  be  experienced  due  to  preclpi tation  and  to  absorp¬ 
tion  by  tropospheric  gases,  e.g.  by  oxygen  around  60  Gi<?z.  Of  far  wore  impor¬ 
tance  for  this  review  are  ionospheric  scintillations  which  may  severely  affect 
space-Ea^th  propagation  paths  in  the  lower  part  of  this  spectral  range. 


2.2  Typical  System  Areas 

Basically,  application  areas  of  electromagnetic  wave  propeoatton  may  be  subdi¬ 
vided  into  communication,  remote  sensing,  and  navigation.  Typical  propagation 
paths  may  be  identified  for  any  one  of  these  categories,  yet  that  of  communica¬ 
tions  includes  all  possible  kinds  and  thus  allows  to  discuss  the  largest  possl- 
b’e  variety.  Fig.  2  depicts  paths  In  terms  of  frequency  ranges  and  special  fea¬ 
tures,  such  as  distances,  bandwidth*,  and  predominant  medium  parameters  or  cot — 
responding  limiting  chmr acter i *t 1 cs  in  very  general  terms.  This  brief  review 
concentrates  on  systrm  areas  susceptible  to  tonoopheric  modi  fleet  I  on. 

The  left-hand  column,  referring  to  1 ine-of - Si ght  U.-0-S/  and  groundwav#  paths, 
Is  Included  for  coepl eteness *  sake.  Applications  addressed  hereby  are  certainly 
essential  to  cover  relatively  snort  ranges,  up  to  the  order  of  ICO  km,  and  re¬ 
fer  to  a  majority  of  eyetemsi  on  the  other  hand,  the  chances  of  influencing 
thee  by  artificial  modifications  in  the  ionosphere  are  rather  minute. 

The  second  column  in  fig.  2  deals  with  classical  propagation  path*  using  ef¬ 
fects  resembling  reflections  in  the  ionosphere.  Norldwide  distance*  may  b#  cov¬ 
ered  et  relatively  narrow  bandwidths.  Depending  on  a  number  of  factors,  such  as 
diurnal  ionization  change*  and  effects  of  solar  activity,  the  propagation  con¬ 
ditions  are  rather  variable  and  influence  the  reliability  of  systems  unless  de¬ 
viations  froa  normal  conditions  can  be  predicted  and  allowed  for  in  an  adequate 
and  timely  manner.  Performance  conditions  have  been  known  for  decades  <e.g.i2.2 
-  2. 4>|  artificial  miens  of  improving  circuit  relimbillty  would  certainly  be 
welcome. 

Using  long-distance  path*  in  the  MF-range  as  an  axaepl#  and  imagining.  Ideally, 
a  ccatcentric  structure  ef  a  constant -at t 1 tude  ionosphere,  such  1 srge  distances 
would  be  covered  by  several  hops  with  intermediate  ground  reflections,  each  hop 
being  geometr  1  cal  i  y  limited  to  about  4000  km.  However,  a  more  realistic  concept 
is  that  of  an  ionospheric  1  syer  structure  with  Inclinations  with  rsspect  to  the 
Earth's  surface  and/or  horizontal  ionization  gradients.  This  is  one  bastr.  for 
chordal -hep  paths  which  do  not  touch  turn  Earth's  surface  and  show  better  system 
performance  with  less  path  lossi  they  were  investigated  and  verified  in  the 
1930#  on  long- dl stance  paths  from  Australia  <2.3,  2.6>|  referencm  is  also  made 
to  more  recent  reviews  of  such  chordal -hop  propagation  <2.7  -  2.9>. 

Features  of  another  typical  application  area,  the  use  of  scattering,  are  illus¬ 
trated  in  the  third  column  of  fig.  2.  In  this  case,  the  so-called  scatter  vo¬ 
lume  in  the  atmosphere  is  Illuminated  by  a  high-power  transmitter,  and  the  en¬ 
ergy  scattered  toward*  the  receiving  terminal  is  used  for  communication  links. 
Whereas  tropospheric  scatter  propagation  is  smployed  rather  widely,  the  here 
more  relevant  ionospheric  scsttor  has  not  led  to  as  many  appl i cat  tons.  In  this 
case,  irregMlmrl ties  or  variations  of  electron  density  in  about  the  height  re¬ 
gion  of  the  D-layer  are  o nr  basis  of  a  scattering  volume,  providing  channels  of 
moderate  bandwidth  ever  maximum  distances  of  the  order  of  1000  ke  <2.10>. 
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In  addition,  and  roughly  within  tha  last -mentioned  category,  the  passage  of  me¬ 
teor*  through  tha  rtmosph ara  causes  a  short-lived  existence  of  ionized  trail* 
Mhich  laad  to  intermittent  ref Section*,  useful  for  burst  communications.  nodarn 
methods  of  signal  processing  have  increased  tha  possible  usefulness  of  such  ap¬ 
plications.  Furthermore,  diffusa  reflections  may  be  dua  to  tha  sporadic  E-lay- 
ar,  or  dua  to  i rragul ari ties  in  tha  upper  F2~ layer  <2.11,2.  12>. 

Tha  right-hand  column  of  fig.  2  illustrates  the  features  of  paths  between  tha 
Earth’s  surface  and  tarainals  in  space.  In  principl#,  they  resemble  line-of- 
sight  paths  on  frequencies  in  tha  range  of  ataospharic  transparency  up  to  opti¬ 
cal  wavelengths.  Nowadays,  a  Majority  of  worldwide  syste«  applications  uses 
Earth/space  paths. 

liai tat ions  *ay  be  present  with  various  applications  in  this  category) 
they  depend  upon  space  orbit  *  frequency,  and  geographical  location  of  surface 
tarainals.  Of  particular  importance  are  constant  and/or  variable  attenuatton 
Hading)  and  also  time -del ay  errors  encountered  In  the  ataosphere.  Lialtatlons 
are  due  to  irregularities  of  various  nature,  electron-densi ty  fluctuations, 
turbulence,  and  clouds  for  higher  frequencies.  Within  the  scope  of  this  review 
peper,  the  effects  c#  scintillations  due  to  ionospheric  irregularities  are  of 
special  interest  <2.13  -  2. 16>. 


2.3  Prediction  and  Adaptive  Operation 

Above-Mentioned  typical  propagation  characteristics  indicate  that,  in  practi¬ 
cally  all  cases,  lialtatlons  are  experienced  with  regard  to  the  desired  opera¬ 
tional  reliability  of  eysteaa.  On  the  basis  of  decades  of  research  and  engi¬ 
neering  experience,  numerous  Mathematical  models  end  operational  simulation 
methods  are  now  available  -  and  the  optiet zatl  jn  process  continues.  These  ap¬ 
proaches  allow  the  prediction  of  average  behaviour  of  the  relevant  propagation 
environment.  Timely  prediction*  of  -  and  thus  the  appropriate  response  to  - 
•her t-t era  variations  of  propagation  cond'ticns  are  still  difficult  <2  17  - 
2.22). 

Modern  technological  development  prealse*  to  perelt  significant  progress  in  op¬ 
erational  Management  of  systeas.  The  lap  lament at  ion  of  real -ties  channel  analy¬ 
sis  and  automatic  selection  of  optimum  operating  corditlons  will  result  in  a 
favourable  influence  on  perforaonee  and  adaptivity  of  systems  <2.23  -  2.23). 

There  is  certainly  room  for  further  improvements  with  predictions  as  with  adap¬ 
tive  operation  which  seeas  to  represent  an  additional  chance  fer  artificial  Mo¬ 
dification  of  propagation  aadla.  A  eystaa- oriented  approach  it,  the  engineering 
develop aent  of  appropriate  aetnods  appears  to  be  a  promising  remedy  for  at 
least  some  of  the  problems  encountered  with  present  systeas. 


3.  Areas  of  Possible  Modification 
3.1  Predominant  Activities 

Although  a  kind  of  artificial  modification  is  also  possible  in  the  tropospheric 
region  of  the  atmosphere,  the  emphasis  is  in  this  paper  directed  at  experiments 
in  the  ionosphere,  and,  Ir.  particular,  at  the  employment  of  their  results  to 
improve  the  usability  and  reliability  of  operational  systems. 

A*  has  already  been  Mentioned  in  the  Introduction,  the  historical  basis  for  mo¬ 
dification  studies  had  been  the  identi f i cat  ion  of  cross-cedulatlon  effects 
about  60  years  ago.  Work  in  this  field  ha*  continued  and  yielded  a  large  quan¬ 
tity  of  results  <3.1>. 

Further  development  of  hi gh -power  transmitters,  and  thus  the  possibility  of  ac¬ 
tually  "heating*  ionospheric  regions  from  sources  located  at  ths  Earth’s  sur- 
**ce,  as  well  as  progress  with  chemical  raleases,  have  led  to  the  present  state 
of  the  art.  So  far,  resaarch  interests  have  largely  predominated j  activities 
will  probably  -  and  hopefully  -  continue  for  the  benefit  of  widening  our  know¬ 
ledge  on  possibilities  but  also  an  limitations  of  approaches  eeployed  <1.1  - 
1.9,1.16  -  1.73,3.2). 

A  number  of  reviews  and  contributed  papers  have  referred  to  recant  investiga¬ 
tions  and  can  be  considered  to  provide  full  documentation  on  the  state  of  re¬ 
search  achievements  up  to  this  Juncture.  Activities  proceed  In  several  geo¬ 
graphical  regions!  as  an  example,  fig.  3  shows  approximate  locations  of  some 
high -power  sources  especially  established  far  ionospheric  modification  experi¬ 
ments. 
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Cons  i  dar  1  r>g  th*  ob  jec  1 1  v# ,  aven  the  following  brief  identification  of 

Modification  «ri««  has  to  take  into  account  eoee  criteria  for  tyitM  «pphc<* 
tl<nt  tdiich  mm  to  be  fundaeental  and  ere  to  be  addressed  1  ater i - 

-  controllability 
*  coepetlbl llty 
and  -  cost-effectiveness 


In  view  of  the  large  Mount  of  Material  published  on  ionospheric  aodi  f  teat  lone, 
and  regrettably,  the  reference*  cited  in  the  following  sueearie*  can  only  rt- 
present  ex  atopies  indivating  a  relevancy  to  aystee  aapecta  or  providing  appro¬ 
priate  croec-ref erencee,  without  any  dale  of  chronol ogi cal  completeness. 


3.2  f  nee  ary  of  Results  *--»d  Trends  of  High-Power  Source* 

Results  and  trands  in  th#  field  of  ionospheric  Modification  <100100)  by  high* 
power  sources  eay  be  presented  In  various  ways.  Suitable  guidelines  for  the 
intended  eyste«-or lented  eueeary  eay  be  altitude  or  frequency  ranges.  However, 
the  versatility  of  possible  effects  does  nut  facilitate  a  categor nation  a 
•ysteeatic  ae  would  perhaps  be  desired. 

Pig*  4  represents  an  atteept  of  such  a  display.  Effects  eay  be  found  in  various 
ateospberic  altitude  regions  and  are  not  necessarily  restricted  to  the  heights 
shown)  sows  of  the  approaches  eay  develop  the  required  eystee  feasibility  in 
the  future.  Physical  processes  ere  only  indicated  to  identify  the  Methods  <see 
references  for  detailsli  key-words  refer  to  the  following  eodi  f icationsi  - 

s  Absorption  eay  he  produced  and  eay  effect  passing  signals  <3.3,3.4>  (see  also 
section  3.3  below)| 

•  Radio  waves  My  be  generated  at  very  low  frequencies,  us..ig  various  proces¬ 
ses,  such  as  th#  Modulation  of  passing  ionospheric  currents,  polar  or  equatori¬ 
al  electro jet,  and  non-linear  wave  interaction.  Effective  ELF/VLF  power  radia¬ 
ted  is  considered  low  <3.3  -  3.6>| 

•  The  apparently  largest  effects  of  rather  versatile  influence  upon  all  sorts 
of  systees  s re  those  producing  HF  /  Wf  /  \JHF  -scatteringi  geographical  conditions 
have  to  be  taken  into  account i - 

-  In  general  ,  the  production  of  a  scattering  voluaa  eay  have  the  facilitating 
or  positive  effect  of  allowing  the  establ  i  absent  of  an  HF  /WF /LHF  scattering 
link  o.  at  least  the  leproveent  of  an  aviating  onej 

-  A  related  Modification  eay  be  considered  on  If  if  scattering  regions  can  be 
placed  at  suitable  distances  fro*  the  end-points  of  a  I ong-di stance  path,  such 
that  a  eorw  persistent  chordal  hop  propagation  path  eay  be  initiated  and  Main¬ 
tained!  its  advantages  have  already  been  eentioned  in  section  2.2.  Experieental 
data  of  such  Modification  ««pvr i*enta  have  been  reported  <3.9>| 

-  (b  th#  other  hand,  scattering  within  a  region  affecting  Carth/space  paths  is 
an  evaeple  of  a  disturbing  or  negative  action,  or  even  a  shielding  one  on  VHF , 
IMF,  and  higher  fre<fue  ;l*«,  as  has  also  been  indicated  in  section  2.2.  Again, 
results  of  relevant  experieenca  have  been  reported  <3.10  -  3. 12;| 

a  Other  propagation  character  i  at  ics  of  ionosphere  and  Magnetosphere  aav  be 
changed.  Effects  >n  higher  altitude  regions,  instabilities  in  the  Magnetosphere 
have  been  addressed  in  the  literature  <3.13  -  3. !5>. 

For  coepl eteness *  sake,  the  concept  of  an  artificial  ionospheric  slrror  ("AIM*) 
should  also  be  listed.  High-power  heating  id  to  be  used  to  create  patch##  of 
Ionisation  at  about  D-leyee  altitudes.  These  eay  lead  to  an  effective  reflector 
for  signals  <3. 16,3. I7>.  Appropriate  future  research  work  should  clarify  as¬ 
pects  of  feasibility!  successful  results  would  indicate  that  direct  control  of 
the  propagation  aediue  eay  thus  be  achieved. 

The  capability  of  producing  artificial  of.  al  emissions  had  already  been  sum- 
•ar 1  zed  aany  years  ago  <3.18)1  further  progress  eight  lead  to  Masking  effects 
by  Minion*  in  optical  and  infrared  ranges  <3.U). 

Literature  also  contains  first  references  to  the  interpretation  of  results  in 
view  of  possible  engineering  application#  <e.g. > I. 18,3.2,3. 13>.  To  conflre  sys- 
tee  feasibility,  mot#  studies  are  essential  in  all  relevant  areas. 
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Apart  fro*  intensity  and  duration  of  effects,  tha  basic  criteria  mentioned  ear- 
liar  (saa  saction  3.1)  ar#  important  for  a  concidaration  with  raspact  to  sys¬ 
tem-oriented  par amatar a.  Of  these,  tha  control  lability  would*  for  example,  ba  a 
particularly  critical  feature  if  tha  initiation  of  perturbations  of  soma  per¬ 
sistence,  such  as  magnetic  storms,  would  ba  possibla  and  would  avan  ba  plannad. 
-  On  tha  othar  hand,  the  artificial  production  of  irragulari tias  seems  to  ba 
most  advancad  at  this  juncture;  it  may  thus  raprssant  a  promising  sras  of  actu¬ 
al  systam  applications. 


3.3  Summary  of  Rasul ts  and  Trands  for  Ch ami cal  Ralaasas 

Anothar  important  categor y  of  ionospharic  modification  amploys  chamical  relea¬ 
se*.  Tha  production  of  daplations  of  Ionization  in  tha  F-region  and  othar  ef- 
facts  by  rockat  launchas  hava  lad  to  appropriate  analytical  studias  <3.19  - 
3.22>.  Such  ionospheric  "holes”  may  also  extend  to  larger  areas.  In  addition, 
travailing  ionospharic  disturbances  have  bean  found  in  tha  F- rag  ion  as  a  rock¬ 
et-induced  perturbation. 

For  research  purposes,  injections  of  substances  hava  been  made  for  tha  last 
three  decades*  they  have  contributed  significantly  to  tha  knowledge  on  physical 
processes  in  tha  atmosphere  <3.22  -  3.23>. 

Again,  the  question  of  duration  of  affects  in  important .  In  this  regard,  re¬ 
sults  seam  to  indicate  that  tha  persistence  of  disturbances  &.  ?*  not  extend 
largely  beyond  tha  period  of  tha  actual  occurrence?  in  other  words,  affects  may 
be  somewhat  controllable.  As  in  the  case  of  high-power  sources,  tha  results  of 
further  studies  should  allow  mors  definite  conclusions  regarding  system  appli¬ 
cations. 


3.4  Aspects  of  Availability  and  Cverc il  Effectiveness 

Questions  of  overs?,  effectiveness  and  availability  arise  with  particular  re¬ 
gard  to  a  system- oriented  use  of  ionospheric  modification.  For  example,  the 
geographical  availability  seems  to  remain  a  serious  problem.  Data  bases  eeee  to 
grow  on  relevant  requirements  of  power  and  duration  of  the  modifying  action. 

Basically,  sufficiently  mobile  modification  equipment  er  a  proven  effectiveness 
of  remote  modification  by  "heating”  at  oblique  incidence  would  ?#*•  needed.  Ex¬ 
periments  hsve  been  mentioned  it.  the  literature  <3. 16,3.26,3.': />.  It  is  not 
known  if  results  may  bo  satisfactory  for  the  purposes  here  ado  reseed. 

The  geographical  availability  mnv  also  be  assisted  by  an  in-sicu  modification 
from  spacecraft  within  the  ionosphere,  by  energetic  charged  particle  or  photon 
beams,  or  by  the  release  of  neutral  gas  <3.28,3.29>. 

A  possibility  of  increasing  the  overall  effectiveness  is  the  coebination  of  mo¬ 
difications  by  high-power  radio  waves  and  cheeical  relsases.  Relevant  concepts 
have  recently  been  addressed  <3.16,3.30>. 


3.5  Inadvertent  Med  if i cat ion  in  the  Ionosphere 

Any  unintended  influence  of  systems  upon  natural  ionospheric  conditions  may  be 
recognized  as  a  kind  of  system  application  of  artificial  modifications.  Any 
such  anthropogenic  and  electromagnetic  "pollution"  of  our  planet's  atmosphere 
undoubtedly  requires  appropriate  monitoring  and  even  the  termination  of  trans¬ 
missions,  if  necessary.  In  addition,  proper  recognition  and  analysts  of  effects 
end  their  results  yield  additional  data  on  modification  effectiveness. 

Cheeical  releases  as  a  consequence  of  rocket  launches  lead  to  modifications  al¬ 
ready  mentioned  in  section  3.3.  Effects  seem  to  .ollow  s  regular  and  largely 
pr*dict*bl*  pattern,  and  may  thus  be  considered  reasonably  controllable  and  lo¬ 
calized  <3.19  -  3.22>. 

An  example  of  inadvertent  modification  by  high-power  sources  would  have  been 
represented  by  the  energy-production  using  solar  power  satellites.  During  this 
concept's  popularity  peak  in  the  late  1970s  and  early  1980s,  sevsral  studies 
addressed  possible  effects.  These  may  comprise  a  modification  of  the  ionospher- 
*c  pl**<**  through  ohmic  heating  by  the  passage  of  a  high-power  microwave  beam 
with  the  possible  consequence  of  Increased  absorption  for  passing  radio  waves 
and  also  the  formation  of  irregul arities  with  results  already  discussed  in  pre¬ 
vious  sections.  An  additional  effect  could  have  been  acting  upon  tho  propaga¬ 
tion  path  of  the  microwave  power  beam  itself.  However,  all  these  effects  in  the 
ionosphere*  should  be  of  a  localized  nature  <3.31  -  3.33>. 


Mi de-band  absorption  produced  by  radio  waves  has  already  been  mentioned  m 
section  3.2).  There  is  the  possibility  that  such  absorption  may  also  be  caused 
unintentional ly.  Data  of  studies  may  allow  an  estimate  regarding  the  severity 
of  effects  <3.3,3.  4,3. 34,3.  33>. 
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Another  poMlble  cam  of  inadvertent  modi  ficxti on  refer*  >o  the  transmission  of 
htjh-poeer  Hf-troedcitt  i  ng  stations  <3.34  -  3.39>.  With  the  apparent  popularity 
Of  increeeinfl  po»r  levels  for  much  appl  i cations,  the  subject  may  deierve  even 
oar  •  attention  in  tho  future  <3.40>,  An  attempt  haa  bamn  mad#  to  indicate  tha 
taoyaphl cal  distribution  of  pa**ctr  levela  in  fig.  3  which  display*  a  world-map 
showing  cumulative  HF-BC-power  par  Kara dan  a guar a,  ai  estimated  from  an  appro¬ 
priate  Hat  <3.41>.  With  unknown  period*,  dlrectlcn*,  angles,  ate .  of  t  ran  as  l  «- 
aionat  it  la  cbvious  that  this  information  haa  to  ba  taken  cua  grano  satis,  and 
that  no  definite  tone 1  us  i  on  a  can  ba  drawn  from  such  a  map  |  yet,  it  may  repre- 
lent  soma  food  for  thought  to  author  i  1 1  aa  r  amp  oral  bl  a  for  *p'>ctrum  management. 
Zn  addition,  fd  and  L F  broadcast  transmission  haw  boon  raportad  to  cauaa  an 
tLF/VLF  generation  <3. 42,3.43>. 


4.  Amp act a  of  Compat.bi 1 1 ty  and  Intarf aranca 
4.1  Coordination  and  Frequency  Management 

Whenever  now  service*  omitting  #1  actrooagnatic  wavoa  or  now  ayatac  appllcationa 
of  thlo  kind  era  intended,  appropriate  fraquanciaa  haw  to  ba  provided  within 
iho  spectral  rang#  doairad.  In  othar  words ,  propar  aaai  gn manta  haw  to  ba  oada 
to  fit  tha  daairad  t  ran  ami  aai  ona  Into  tha  larga  numbar  of  ax  i  sting  allocations. 
Itudiaa  on  tha  probability  of  co-channal  interference  and  thus  on  tha  comp  at  i  - 
btlity  era  required. 

Tha  abow  conditions  apply  to  any  usa  of  fraquanciaa,  and  ionospheric  sodifica- 
tlan  is  no  ax  caption.  To  uelet  with  and  to  contribute  to  ita  iaplaasntation, 
attention  is  hare  drawn  to  tha  need  of  such  prerequisite  studies  and  tha  prob- 
abla  objectives.  It  is  assumad  that  thasa  would  have  to  addraas  two  major  cr  1  - 
tar iai - 

a  extant  and  affect  of  modification  of  tha  propagation  eadlum  on  all  mar  vie  as 
using  this  sodium,  tha  onee  to  ba  improved  as  wall  as  others) 

a  extant  of  tha  probmbla,  par h rp a  rather  localized,  intarf arence  caused  by  tha 
source  equlpeent. 

As  an  example,  attention  say  ba  drawn  *o  modification  procasaaa  which  raquirs 
frequencies  belonging  te  tha  HF  portion  of  tha  spactrua.  This  range  displays  a 
considerable  amount  of  congestion  <4. 1,4. 2>.  Tha  sitiiation  may  also  ba  illus¬ 
trated  on  tha  baeim  of  documantat i on  of  tha  Internet lonal  Frequency  Registra- 
t i on  board  (IFR9).  With  tha  exception  of  broadcast  and  amateur  bands,  figs,  ba 
m%d  4b  display  the  numbar  of  assignment#  par  frequency  in  tha  range  between  3 
jvtd  13  MHz ,  while  tha  total  bandwidth#  (in  kHz)  par  frequency  are  shown  in 
flga.  7a  xd  7b  <4.31.  The  requirement  of  optimum  compatibility  ia  an  obvious 
consequence. 


4.2  Methods  of  Mitigating  Coordination  Problems 

As  has  already  bean  emphasized  an  several  occasions  in  this  paper,  tha  control  - 
lability  of  modification  affects  may  ba  considered  of  paraeount  importance.  It 
requires  adequate  knowledge  on  the  actual  physical  processes  causing  and  accoe- 
penying  tha  modi f icatlon. 

Connected  to  tha  control!  abi  I  i  ty  are,  ae  othar  desirable  assets,  information  on 
and  the  use  of  the  minleue  power  required  to  guarantee  the  intended  codifica¬ 
tion  effect. 

Attention  to  both  examples  of  rsmedies  should  permit  the  preparation  of  the  co¬ 
difying  action  as  an  adaptive  systee  component  which  would  enable  a  flexible  ed 
hoc  adjustment  to  the  actual  need  of  modi f lcationi  this  requirement  may  also 
vary  in  accordance  with  changes  of  the  natural  propagation  conditions. 


3.  Criteria  of  By at mm  Applications  and  Required  Support  Measures 
3.1  By s tee-  (k i snted  Features  of  Ionospheric  Modification 

Relevant  facilitating  as  well  as  disrupting,  or  positivs  and  nsqatlve,  affects 
of  ionospheric  mod.  f  i cat  1  on  have  already  been  addressed.  An  atteept  has  been 
aid#  to  luauritt  the  essential  and  systee- relevant  iteea  in  fig.  8  which  is 
'>eeed  an  fig.  2.  It  should  again  bo  empha  1  zed  tha.  the  indications  glwn  de¬ 
pend  an  the  inforzetion  available  so  far. 

As  has  been  msntioned  before,  no  modification  effects  are  anticipated  In  the 
left-hand  eoluen  which  refers  to  1 ine-of -sight  paths.  In  the  other  coluens,  a 
■♦•-sign  indicates  a  facilitating  action  for  systems,  end  a  "-"sign  s  distur¬ 
bing  effect. 
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The  chart  dort  not  specifically  mention  the  use  of  artificially  generated  ELF- 
VLF  waves  or  arodi  f  I  cot  A  on*  af  footing  propagation  in  these  frequency  range*. 
Pratwt  VLF  systems,  for  navi gat i cn«2  not*,  *r«  fully  operational  and 
profit  fro*  the  relative  ttuMUty  of  natural  prcpagat i on  conditions  but  impro¬ 
vements  **y  still  be  possible.  -  Future  ELF -gen #r at i on  studios  My  demonstrate 
relevant  system  Mturtty  and  thus  provide  a  usoful  asset  to  system*  in  this 
frequency  rang*. 

For  ionospheric  long  distance  paths,  the  establ  isheont  of  chordal -hop  paths 
<see  sections  2.2  and  3.2)  is  considered  a  possibility,  while  the  ionospheric 
layer  My  also  be  transforsed  to  effective  shields  or,  st  least,  to  absorbers 
for  such  propagation  paths* 

Scatter  paths  My  actually  be  Mde  possible  by  sndi ♦  1  cation  effects  or  they 
•ay,  at  least,  be  assisted  in  their  operational  perforoance  (availability,  re¬ 
liability,  bandwidth).  A  destructive  action  is  again  that  of  disturbing  or  even 
shielding  scatter* 

In  the  case  of  Earth/space  paths,  negative  consequences  see*  to  be  likely  with 
irregular! tiro  causing  scintillations,  attenuation  or  even  shielding,  as  with 
the  other  syste*  sreas. 

One  of  the  critfal  questions  still  to  be  solved  is  the  availability  of  Modifi¬ 
cation  facilities  whenever  and  wherever  they  are  needed  to  support  systnes. 
Fro*  the  standpoint  of  systems*  they  are  in  fact  tools  which  are  to  bu  adapted 
t?  syste*  requirements.  In  the  interest  of  future  applicative,  there  is  opt i - 
•is*  that  the  continuing  research  work  will  inprova  the  poeslbi lit ies  cf  equip¬ 
ment  nobility  and  re*ote  modification  by  oblique  heating. 

The  above  considerations  should  be  considered  preliminary  in  view  of  the  pre¬ 
sently  still  rather  dav«) opnontal  stago  of  ionospheric  modifications!  as  yet, 
it  appears  to  be  difficult  to  reach  a  kind  *af  syste*  maturity.  in  addition,  the 
necessary  adherence  to  operational  criteria  might  furthermore  be  disadvanta¬ 
geous  for  the  present  possibilities  of  Implementing  artificial  i one spheric  mo¬ 
dification. 


S.2  Operational  Criteria 

There  can  be  no  doubt  that  any  application  of  ionospheric  modification  to  sys¬ 
tems  should  aim  at  their  improvement.  At  th<*  same  time,  coordination  and  compa¬ 
tibility  are  essential  with  respect  to  the  system  to  be  improved  as  well  as  to 
others  using  the  same  propagation  environment.  Aspects  addressed  in  previous 
sections  thus  lead  to  a  kind  of  recommended  eenue  for  operational  planningi- 


<a)  Analyze  existing  propagation  assets  and  identify  relevant 

problem  areas 

<b>  Identify  ionospheric  modification  methods  to  mitigate  con¬ 
ditions  found  in  (a) 

<c)  Analyze  methods  selected  under  (b>  and  assess  their 
-  CONTROLLABILITY 

•  COMPATIBILITY  w.r.t.  to  other  services 
and  COST  EFFECTIVENESS 

<d>  Adapt  ionospheric  modification  to  actual  needs  (a) 
to  comply  »iith  results  of  (c) 

<*)  Monitor  operation  to  maintain  full  compatibility 

(f>  Terminate  operation  when  natural  propagation  conditions 
are  adequate  with  respect  to  <e) 


Kith  exemption  of  the  rather  cel f -expl anatory  requirement  of  cost-effective¬ 
ness,  the  abov?  items  are  in  fact  a  summary  of  the  views  expressed  in  the  pre- 
vious  sections  of  this  paper.  The  list  represents  an  attempted  compromise  of 
the  undoubted!*  controversy al  requirements  of,  for  exaaple,  the  use  of  hiqh-po- 
wer  sources  to  increase  'fleets  and  compatibility  with  other  services. 


3.3  Required  Support  Measures 
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To  eptialxe  recult a  of  iapleaentmt lone,  particular  attar. tion  should  be  directed 
•t  good  engineering  planning.  Car tain  support  measures  ara  cons! dared  to  belong 
to  the  absolute*  necessities. 

At  obvious  requirement  is  the  capability  of  predicting  and  eonitoring  the  natu¬ 
ral  propagation  conditions  for  the  system  path  envisaged,  for  1  ong-tera  average 
as  Mali  as  for  short-term  changes,  including  the  channel  performance  with  re¬ 
spect  to  the  system  needs.  Facilities  should  exist  to  adjust  the  prediction  on 
a  quest  real-time  basis. 

Me  an  equally  important  condition,  the  effects  of  the  modification  should  be 
predicted  end  monitored  continuously!  diagnostic  method  and  equipment  present¬ 
ly  employed  ohould  be  a  good  basis  for  such  operational  use. 

Another  example  ie  the  need  for  a  permanent  and  reliable  communication  facility 
»0  the  institution  responsible  fur  spectrum  management f  t.ts  would  enable  the 
aperating  cgency  to  adjust  the  modifying  operation  as  required  by  an  integrated 
mr*d  responsive  structure  of  frequency  management.  In  view  of  the  complex  ity  of 
the  situation,  and  the  need  for  rapid  decision  making,  the  results  of  analyti¬ 
cal  assess  men  to  might  need  to  be  incorporated  into  toce  fora  of  expert  system. 


A.  Concluding  Remarks 

An  attempt  has  been  made  to  review  the  predominant  areas  of  imaginable  system 
applications  of  ionospheric  modification  methods  ae  they  have  beco.'te  known 
to  this  Juncture.  Admittedly,  the  results  had  to  be  expressed  in  gensral  terms* 
this  Is  due  to  the  present  state  of  the  art  anj  the  atill  rather  dynamical  de¬ 
velopment  of  this  highly  interesting  field  of  Ionospheric  research. 

The  research  results  presently  available  a* e  impressive  with  respect  to  the 
versatility  of  possibilities  and  also  with  regard  to  the  amount  of  data  collec¬ 
ted  so  far.  It  is  hoped  that  the  degree  of  further  analysis  of  physical  proces¬ 
ses  end  thus  the  control  labi  1  i  ty  of  atodifying  effects  will  continue  to  improve. 
It  may  be  anticipated  that  future  work  will  add  to  the  progress  made  so  far  and 
will  allow  criteria  to  be  estisfled  adequately. 


The  author  is  much  obliged  to  Dr.P. A. Kossey  and  Dr. J.E. Rasmussen  for  a  large 
amount  of  material!  the  compilation  of  this  paper  would  not  have  been  possible 
without  it.  In  addition,  he  wishes  to  express  his  particular  thanks  to  Dr.  T.K. 
FitxSlmons  for  Information  on  IFRB- document at  1  on  and  other  data  regarding  spec¬ 
trum  management ,  and  to  Dr . Th. Damboldt  and  Dr.K. J. Hortenbach  for  recent  CCIR- 
documen  t  at i on . 
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A.  rRASER-SHITH,  US 

Dr.  Albrecht,  I  would  like  to  add  to  your  fin#  review  by  1)  pointing  out  th# 
ionospheric  modification  capability  of  th#  power  transmission  system*  in  ub«  all 
■round  th#  world.  They  radiate,  in  total,  a  very  large  amount  ot  energy  at  50  and 
40  Hi,  *nd  at  th#ir  harmonica.  This  radiation  peretrater  up  through  the  ionosphere 
and  interacts  with  the  energetic  charged  particles  in  the  radiation  belts,  causing 
thee  to  prscipitats  out  into  ths  ionosphere,  which  is  modified.  Next,  2)  I  would 
ilk*  to  stress  ths  importance  of  the  polar  region  and  the  need  to  separate  it  out 
from  the  rest  of  the  world  as  a  region  for  modification.  The  reason  fer  this  is  the 
occurrence  of  major  natural  modifications  such  as  those  that  accompany  large  magnetic 
storms  and  solar  proton  effects.  Any  man-sade  modifications  will  have  to  compete 
with  these  natural  modifications. 

AUTHOR’S  REPLY 

Thank  you  very  much  for  thlc  comment.  It  will  certainly  be  increasingly  important 
to  analyze  the  effects  of  man-made  modifications. 

N.  GORDO*,  US 

Ionospheric  modification  has  been  part  of  basic  studies  of  the  upper  atmosphere. 
Military  support  of  basic  studies  has  lod  to  communication  systems  of  value  to 
military  with  Important  spin-offs  to  commercial  communications. 

AUTHOR’S  REPLY 

I  certainly  agree  that  the  use  of  the  atmosphere  as  a  "laborotory-vithout-walls*  has 
contributed  significantly  to  our  present  knowledge  on  the  propagation  medium  and  has 
thus  acsisted  greatly  in  the  improvements  of  systems. 
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Artificial  Ionospheric  Mirrors 
for  Radar  Applications 

Robert  D.  Short,  Tom  Wallace, 

Clayton  V.  Stewart,  Pierre  Lallement,  and  Peter  Koert 
ARCO  Power  Technologies,  Inc. 

1250  24th  Street,  NW 
Washington,  D.C.  20037  (USA) 

Abstract 

Recognition  of  performance  limitations  associated  with  traditional  skywave  over-the-horizon  ( OTII ) 
high  frequency  (HF)  radars  has  kd  a  number  of  investigators  to  propose  the  creation  of  an  Artificial  Ionospheric 
Mirror  ( AIM )  in  the  upper  atmosphere,  in  order  to  reflect  ground-based  radar  signals  for  OTH  surveillance.  The 
AIM  is  produced  by  beaming  sufficient  electromagnetic  power  to  the  lower  ionosphere  (around  70  km)  to  enhance 
the  in  situ  ionization  level  to  10 7  -  ICf  electronslcm3,  thereby  providing  an  ionized  layer  capable  of  reflecting 
radar  frequencies  of  5  -  90  MHz.  This  paper  presents  a  baseline  AIM  system  concept  and  an  associated 
performance  evaluation,  based  upon  the  relevant  ionization  and  propagation  physics  and  in  the  context  of  air 
surveillance  for  the  cruise  missile  threat.  Results  of  the  subject  study  indicate  that  a  system  using  this  concept 
would  both  complement  and  enhance  the  performance  of  the  existing  skywave  OTH  radars. 

1.0  AIM  System  Concept 

Strategic  air  defense  depends  upon  detecting  and  tracking  potential  threats  approaching  at  long  ranges, 
allowing  adequate  time  for  assessment  and  reaction.  The  threats  of  particular  current  interest  are  penetraiors  with 
small  radar  cross  sections,  including  air  launched  and  submarine  launched  cruise  missiles  (ALCM  and  SLCM). 
These  threats  will  become  more  important  in  theater  warfare  as  well  over  the  neat  few  decades.  The  ability  to 
supplement  current  wide  area  surveillance  with  reliable,  all  weather,  continuous  detection  and  tracking  of  low 
flying,  low  observable  targets  is  essential  to  the  successful  implementation  of  both  strategic  and  tactical  air 
defense. 

Recognition  of  the  performance  limitations  associated  with  using  the  natural  ionosphere  as  a  radar 
reflector  motivated  a  number  of  investigators  to  propose  the  creation  of  an  Artificial  Ionospheric  Mirror  (AIM) 
in  the  upper  atmosphere,  in  order  to  reflect  ground-based  radar  signals  for  OTH  surveillance  11,2).  The  Air  Force 
Geophysics  Laboratory  (AFGL)  has  sponsored  a  comprehensive  study  of  the  ionization  and  propagation  physics 
associated  with  AIM.  An  important  element  of  this  work  has  been  the  development  and  evaluation  of  a  system 
concept  to  provide  reliable  detection  and  tracking  of  low  RCS  targets.  The  AIM  is  produced  by  beaming  sufficient 
electromagnetic  power  to  the  lower  ionosphere  to  enhance  the  in  situ  ionization  level  to  10-10*  electrons/cm3, 
thereby  providing  an  ionized  layer  capable  of  reflecting  radar  frequencies  of  5-90  MHz.  This  paper  presents  an 
AIM  system  concept  and  a  performance  evaluation,  based  upon  the  relevant  ionization  and  propagation  physics,  in 
the  context  of  air  surveillance.  Results  of  the  subject  study  indicate  that  a  system  using  this  concept  would  both 
complement  and  enhance  the  performance  of  existing  skywave  OTH  radars,  as  illustrated  in  Figure  I . 

The  performance  characteristics  of  a  stand-alone  AIM  system  are  highlighted  by 

•  200-1200  km  detectionAracking  ranges  (depending  on  target  altitude), 

•  azimuth  coverage  over  360°,  or  any  fractional  sector, 

•  beam  grazing  angles  of  less  than  10  decrees  (for  65-80  km  high  AIM), 

•  good  horizontal  polarization  control, 

•  operation  at  RFr  in  the  HF  to  iow  VHF  (to  about  90  MHz),  and 

•  90%  detection  probability  of  a  -25  dBsra  target  at  1,000  km  range,  providing  30  dB  of  margin  for 
typical  low  observable  (LO)  threat  projections  at  VHF. 

The  performance  of  a  normal  skywave  OTH  system  can  be  enhanced  by  providing  an  additional  AIM 
sector  (Figure  2).  which  has  sustained  operation  in  the  VHF  band  independent  of  time  of  day,  latitude  and 
ionospheric  state.  An  AIM  adjunct  to  a  conventional  HF  skywave  radar  can  offer  substantially  improved 
performance  with  regard  to: 

•  filling  in  the  range  hole  that  exists  out  to  about  1000  km  due  to  the  minimum  HF  hop  distance, 

•  mitigation  of  aurora]  effects  in  polar  directed  surveillance  sectors, 

•  sustained  operation  through  periods  of  ionospheric  disturbance, 

•  availability  of  the  upper  end  of  the  HF  spectrum  during  the  diurnal  ionospheric  cycle,  and 

•  improved  detection  of  LO  targets  through  frequency  selection  and  positive  polarization  control. 


I 


JW-2 


minimum  grazing  angla 


SKYWAVEOTH 
WITHOUT  AIM 

•  Blinded  by  ionospheric  vagaries 

•  Skip  zone  permits  undetected  nearby  launch 

•  Smalt  targets  unseen  at  night 

•  Large  duller  backscatter 


SKYWAVE  OTH 
WITH  AIM 

Independent  of  ionospheric  vagaries 
Skip  zone  filled  in 
Nightime  performance  maintained 
Horizontal  polarization  reduces  dutfer 


Figure  I.  An  AIM-Based  Radar  as  a  Complement  to  a  Sky  wave  OTH  Radar 

In  addition,  an  AIM  based  system  is  not  restricted  to  the  HF  band,  but  can  operate  in  the  lower  VHF  band,  which 
has  several  advantages  over  HF: 

•  less  crowded  band  permits  broader  bendwidths,  better  resolution  and  increased  sensitivity. 

•  lower  noise  temperature  allows  higher  signal-to-noise  ratios. 

•  operation  near  resonant  frequencies  for  cruise  missile  type  targets,  allow  ing  long  range  detection  of 
otherwise  very  difficult  to  detect  threats,  as  illustrated  in  Figure  2. 


Figure  2.  AIM  Provides  an  Additional  High  Resolution,  Highly  Available  Surveillance  Sector 
Specific  issues  influencing  an  AIM  system  design  fall  into  one  of  three  primary  categories: 

•  heater  design  issues,  which  determine  how  well  one  can  control  the  production  of  an  AIM  layer. 

•  RF  propagation  effects,  which  allow  one  to  assess  the  quality  of  the  reflected  radar  wave  (eg 
absorption,  wavefront  distortions,  dopp’er  spreading,  ind  Faraday  rotation),  and 

•  Environmental  and  operational  requirements,  which  determine  ihe  th-eat  and  mission  contesi  in 
which  the  AIM  system  must  perform, 

Here  we  present  results  concerning  each  of  these  issues,  examining  those  most  critical  in  determining  the  radar 
system  performance. 


1 

i 

f 

! 

» 


-  1 


36-1 


24  AIM  Dirwedna  ted  C octroi 
2.)  Background 

Result]  from  theoretical  analysis  sad  numerical  modelling  indicate  that  a  useful  AIM  consists  of  an 
ionized  layer,  with  an  electron  density  gradient  increasing  with  altitude  from  the  ambient  state  to  a  density  with 
plasma  frequency  corresponding  to  the  radar  frequency.  The  AIM  layer  is  oriented  with  an  inclination  (-  40M5”) 
and  has  a  slight  curvature  to  (How  the  radar  suave  to  refract  over  a  IS*  elevation  beamwidth,  providing  range 
coverage  from  200  to  1,200  km.  In  addition,  the  AIM  azimuth  orientation  is  incrementally  stepped  over  the 
desired  range  of  wveillsnee. 

figure  i  IBusJrates  the  system  timing  dependence  between  the  AIM  heater  operation  and  the  surveillance 
sequence  of  the  radar.  The  size  and  orientation  of  the  AIM  relative  to  the  spot  size  of  the  focussed  RF  heater  beam 
(-36  m  diameter)  requires  that  the  AIM  creation  be  performed  with  a  scanning  procedure.  As  Figure  3  indicates,  a 
complete  AIM  is  formed  by  moving  the  heater  focus  along  a  stepped  sequence  of  horizontal  sweeps.  The  altitude 
at  which  ionization  occurs  is  where  the  power  density  exceeds  the  breakdown  threshold.  Positive  control  of  this 
altitude  is  achieved  by  using  a  large,  feudally  filled,  array  and  focussing  the  beam  so  that  the  AIM  is  formed  on  the 
front  side  of  the  focus.  The  fecal  position  is  controlled  to  follow  a  surface  contour  having  the  desired  azimuth  and 
elevation  orientation  and  a  alight  curvature  to  allow  for  radar  beam  divergence  over  the  range  required  for 
surveillance.  This  procedure  is  referred  to  as  “painting*  and  is  fictionally  illustrated  in  Figure  4.  Based  on  current 
understanding  of  kmization  physics  and  technology,  a  typical  AIM  will  require  on  the  order  of  a  10  to  50  ms  to 
paint 


figure  3.  AIM  System  Timing  Diagram 

A  centra]  issue  concerned  with  evaluating  the  feasibility  of  the  AIM  concept  is  how  reliably  the  AIM 
can  be  created  within  tolerances  necessary  for  useful  reflection  of  the  radar  signal.  Issues  that  directly  impact 
usefulness  include:  size,  shape,  orientation,  uniformity,  smoothness,  peak  electron  density,  steepness  of  the  density 
gradient,  and  density  lifetime.  In  order  to  adequately  address  these  issues,  a  comprehensive  understanding  of  the 
phenomenology  (validated  experimentally)  and  a  careful  analysis  of  the  heater  system  design  parameters  as  they 
impact  plasma  formation  control  are  needed. 

Results  of  investigations  to  data  indicate  that  the  AIM  can  be  created  using  current  technology,  with  the 
necessary  radar  reflective  characteristics  to  provide  wide  area  surveillance  and  early  detection  and  tracking  of  the 
ALCM/SLCM  threat  of  the  future.  Specific  results  of  the  system  trade-off  studies  are  presented  in  the  fo'lowing 
discussions. 
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Figure  4.  The  Large,  Sparse  Heater  Can  Paint  a  Smooth,  Homogeneous  AIM  Patch 


2.2  Vertical  Electron  Density  Profile  Control 

As  indicated  above,  altitude  control  of  the  AIM  formation  is  achieved  by  utilizing  a  large  focussed  heater 
array,  so  that  ionization  begins  on  the  front  edge  of  the  focus  (power  density  is  increasing  with  altitude). 
Breakdown  initiates  where  the  power  density  reaches  a  threshold  level  (-30  kW/m3  @  70  km  altitude  and  heater 
frequency. /»«  425  MHz),  and  rapidly  increases  in  ionization  rate  above  this  level.  As  the  number  of  electrons 
increase,  absorption  of  the  heater  wave  reduces  the  power  reaching  altitudes  above  the  critical  altitude  until  it 
drops  below  the  threshold.  This  "self-absorption"  mechanism  limits  plasma  frequencies  to  well  below  the  heater 
frequency.  Figure  5  illustrates  a  time  evolution  of  the  ionization  process  as  a  function  of  altitude.  This  figure 
clearly  shows  the  limiting  of  the  peak  density  and  the  steepening  of  the  electron  density  profile  over  lime. 


This  steepening  is  due  to  the  fact  that  self-absorption  causes  the  ionization  to  stop  at  the  higher  altitudes  first  and 
then  to  walk  down  toward  the  critical  altitude. 

While  many  factors  impact  the  resulting  electron  density  profile,  the  major  ones  within  control  of  the 
system  designer  are  the  heater  RF,  dwell  ume,  and  the  power  density  gradient  Increasing  the  heater  RF  reduces  the 
absotption  rate,  allowing  higher  peak  plasma  densities.  Longer  dwell  lime  allows  the  the  profile  to  walk  further 
back  toward  the  critical  altitude,  hence  increasing  the  final  density  gradient.  The  third  factor,  power  density 
gradient,  determines  how  rapidly  the  power  density  is  increasing  beyond  the  threshold  density  and  consequently 
how  much  absorption  is  required  to  reduce  the  field  strength  down  to  the  critical  level.  While  higher  power 
density  gradients  produce  higher  peak  plasma  frequencies,  increased  gradients  are  obtained  at  the  expense  of  smaller 
beam  widths  and  thus  smaller  ionization  areas. 
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Figure  5.  Growth  Through  Time  of  AIM  Cloud  with  f|y»  425  MHz,  t  »  12  ns  (1  us  step  size) 

2J  Heater  Control  Errors 

Since  neutral  and  electron  density  spatial  variations  are  less  than  .05%  over  AIM  scale  lengths  (3],  the 
primary  source  of  plasma  irregularities  are  due  to  heater  scanning  and  control.  Here  we  present  some  rough 
measures  of  sensitivity  between  the  uncertainties  in  generating  the  individual  heater  element  waveforms,  the 
resulting  perturbations  in  AIM  breakdown  location,  and  the  impact  on  radar  system  performance.  Deviations  in 
waveform  generation  at  the  element  level  result  in  corresponding  deviations  in  the  desired  power  density  profile  in 
the  breakdown  region.  Three  specific  potential  sources  of  error  are  considered: 

•  simple  additive  noise, 

•  amplitude  distortions,  and 

•  phase  distortions. 

Potential  causes  of  these  entas  include  quantization  errors  in  the  digital  circuitry,  digital-to-analog  conversion 
errors,  power  amplifier  gain  deviations  and  distortions,  and  timing  errors  in  the  waveform  control  circuitry.  Each 
of  these  factors  is  considered  relative  to  what  is  readily  achievable  with  current  technology  and  how  these 
performance  limitations  impact  the  patch  integrity. 

Results  of  this  analysis  indicate  that  although  the  power  density/breakdown  dependencies  require 
relatively  accurate  control  of  the  power  density  profile  (e.g.  to  within  .003  dB,  which  corresponds  to  a  SNR  at  the 
focal  point  of  68  dB),  the  large  number  of  independent  heater  elements  results  in  significant  integration  gains  (e.g. 
a  configuration  of  40,000  elements  reduces  the  68  dB  requirement  at  the  focal  point  by  46  dB  to  only  22  dB  at  the 
element  level).  For  a  surveillance  radar  a  operating  at  50  Mhz,  the  patch  irregularities  indicated  by  the  cumulative 
error  are  on  the  order  of  .06  wavelengths.  As  indicated  by  Greene's  analysis  [4],  an  aperture  with  rms  phase  errors 
of  this  order  will  experience  minimal  performance  degradation  (<  .3  dB  reduction  in  gain,  <  ,2%  increase  in 
beamwidth,  rms  beam  canting  <  10%  of  the  beamwidth).  Furthermore,  when  path  averaging  of  the  radar  wave 
within  the  plasma  is  taken  into  account,  the  results  indicate  that  the  net  effect  on  radar  performance  is  negligible 
(-  .02  dB). 

In  the  following  section,  we  examine  the  relationship  between  element  waveform  errors  and  errors  in 
plasma  breakdown  location.  Each  potential  error  source  is  related  to  an  equivalent  element  waveform  error.  These 
two  relationships  are  then  combined  to  determine  the  sensitivity  of  the  AIM  breakdown  location  to  each  factor. 


JM 

2.4  AIM  VirbtSons  Due  to  Flolte  Step  Heater  Scanning 

In  the  following  disetz  on,  we  address  lie  issue  of  AIM  irregularities  due  to  the  heater's  finite  step 
beam  motion  in  the  direction  of  r<  AIM  inclination.  Figure  6  illustrates  the  step  scanning  of  the  heater  beam 
along  a  short  segment  of  the  Alh  contour.  In  this  figure,  the  healer  dwells  for  a  given  time,  r  seconds,  and  then 
steps  the  focal  point  a  third  of  a  learawidth  in  the  cross  beam  direction  and  a  corresponding  distance  in  the  bore- 
sight  direction.  This  dwell  and  step  process  is  repeated  for  the  extent  of  the  AIM.  As  Figure  6  shows,  while  the 
desired  constant  electron  density  contour  is  a  line  inclined  u  45 *,  the  actual  contour  due  to  the  quantization  of  the 
beam  step  has  a  ripple  that  csdiiates  about  the  desired  contour.  This  irregularity  in  the  AIM  will  produce  a 
corresponding  ripple  in  the  phase  from  of  the  refracted  radar  wave.  Tlte  extent  of  wavefront  ripple  will  depend 
both  upon  the  magnitude  of  the  contour  ripple,  as  well  as  the  depth  of  the  plasma  density.  A  deeper  plasma 
provides  more  refraction  and  correspondingly  more  smoothing  of  the  AIM  irregularity,  thus  less  phase  front 
distortion  as  ciscussed  in  earlier  sections. 

The  objective  of  this  section  is  to  quantify  the  magnitude  of  these  contour  fluctuations  and  determine 
what  beam  step  sizes  are  required  for  acceptable  radar  performance.  These  irregularities  are  studied  both  from  a 
theoretical  perspective,  as  well  as  from  a  straight-forward  numerical  simulation  of  the  heater  step  scanning  and 
consequent  ionization  along  the  desired  constant  electron  density  contour.  Quantitative  results  are  provided  for 
the  analytic  derivations  and  compared  to  electron  density  irregularities  produced  by  the  numerical  simulation. 
These  results  indicate  that,  within  the  nominal  parameter  regime  for  the  current  AIM  conceptual  design. 

1)  the  magnitude  of  electron  density  irregularities  falls  off  rapidly  for  paint  step  sizes  less  than  1/2 
beam  width  and 

2)  a  1/4  beam  step  size  produces  a  density  fluctuation  with  magnitude  less  than  .1%  of  the  average  and  a 
corresponding  location  fluctuation  less  than  ,1m. 

Figure  7  shows  the  quantitative  tradeoff  between  the  heater’s  scanning  step  size  and  the  resulting  electron  density 
fluctuation  and  corresponding  altitude  fluctuation  for  the  heater  parameters  given  above,  as  this  plot  indicates, 
the  density  fluctuation  drops  dramatically  as  the  scan  step  size  decreases  below  the  half  bcamwidth  size.  For  a  1/4 
beam  increment,  density  fluctuations  are  less  than  .1%,  with  corresponding  location  errors  less  than  .1  meter. 


m  >10  VO  VO  VO  Vo  12745678  3 

Horizons)  Extent  (m)  Heater  Step  Size  per  3  dB  Beamwidth 


Figure  6.  Illustration  of  Heater  Step  Scanning  Figure  7.  Electron  Density  Fluctuations 

Versus  Heater  Step  Size 


r 


3.0  AIM  Propagation  Effects 
34  Background 

We  begin  our  discussion  of  tire  radar  system  perfomance  with  s  brief  derivation  of  a  radar  range  equation 
appropriate  fa  AIM  detection  analysis.  The  AIM  geometry  differs  from  that  of  a  traditional  radar  by  the 
introduction  of  the  reflecting  layer  in  the  propagation  path.  This  layer  intercepts  the  radar  beam  and  refracts  the 
intercepted  wave  toward  the  direction  of  the  target  Accounting  for  the  reflecting  area,  losses  during  the 
reflection  process,  and  the  two  phases  of  spreading  loss  (pro- 1  post-reflection)  make  up  the  major  difference 
between  an  AIM  range  equation  and  a  tine-of-sight,  monostatic  radar. 


The  refcvant  radar  system  parameters  are  defined  below: 

m  average  transmitted  power  k  * 

*  average  received  power  R  ■ 

*  transmit  antenna  gain  8  •> 

*  RF  frequency  (1  ■  wavelength)  P,  - 

*  receive  aperture  D,  • 

m  angle  of  surveillance  coverage  w  * 

■  scan  time  /  • 

*  dwell  tune  Lp  • 

m  radar  system  losses  7p  * 

*  target  cross  section  yf  “  1 

*  azimuthal  beamwidth  T  *  l 


AIM  Altitude 

range  from  the  AIM  to  target 
incidence  angle  at  the  AIM 
azimuthal  dispersion  off  the  AIM 
elevation  dispersion  off  the  AIM 
AIM  width 
AIM  length 

AIM  one-way  absorption 
one-way  Faraday  relation  /"*,/ Pm, 
grazing  angle  at  surface 
total  effective  noise  temperature 
(including  atmosph*ric  noise) 


The  appropriate  expression  for  received  power  can  be  best  understood  by  considering  four  segments  of  the  radar 
wave's  propagation  to  and  back  scatter  from  the  target.  These  four  segments  are  iransmitter-to-patch,  patch-to- 
target,  target-to-patch,  and  patch-to-receiver.  Hie  power  density  at  the  end  of  each  segment  is  summarized  by 
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In  (1)  the  effective  AIM  reflecting  aperture  and  gain,  Ap  and  Gp  respectively,  are  given  by 

ApmLfVleoAffi  (2) 

and 

G,«- 4*-.  (3) 

For  a  coherent  dwell,  the  signal-to-noise  ratio  at  the  radar  is 

SNRmZth  (4) 

kT 

Substi.ating  equation  (l)  into  (4)  and  combining  terms  gives 

SNR*  p'G,A'Gr  <*A'L>T<  (5) 

(4ffj‘A‘je4lT 

Equation  (1)  assumes  that  any  losses  due  to  Faraday  rotation  during  the  wave's  transit  is  negligible  (i.e. 
yp«  1).  However,  in  the  case  of  clutter  backscatter  (particularly  sea  clutter),  even  small  amounts  of  rotation  can 
result  in  significant  increases  in  clutter  returns.  This  is  due  to  the  large  differences  between  horizontal  and 
vertical  clutter  cross  sections  (ct**  and  <7„  ).  Typical  ratios  are  on  the  order  of  20  dB  or  more.  Taking  these  cross 
sections  into  account,  the  tigjiid-to-clutter  ratio  (prior  to  clatter  cancellation)  for  a  horizontal  transmit  and 
horizontal  receive  configuration  in  sea  clutter  is  given  by 
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where  B  is  the  radar  waveform  bandwidth,  and  e  ii  the  speed  of  light.  As  will  be  discussed  below,  the  smalt, 
predictable  amount  cf  polarization  rotation  imposed  by  the  plasma  layer  allows  an  AIM  system  to  exploit  the 
large  diffeience  between  horizontal  and  vertical  boc  It  scatter. 

3.2  Absorption  and  Dispersion  Losses 

Figure  $  illustrates  the  loss  trade-off  between  absorption  and  beam  dispersion  ss  a  function  of  patch 
depth.  In  this  figure  the  electron  density  profile  is  a  assumed  to  be  linear  with  altitude  aid  the  patch  depth  is 
measured  as  the  distance  from  the  ambient  density  to  the  plasma  density  corresponding  to  the  critical  density  (ie. 
or,«cu). 

3J  Faraday  Rotation 

Depending  on  the  geographical  location  and  orientation  of  the  patch,  the  geomagnetic  field  will  cause 
some  amount  of  Faraday  rotation  of  the  polarization  of  the  reflected  radar  signal.  In  some  cases,  such  as  a  system 
viewing  targets  over  land,  this  may  be  of  little  importance,  Aj  discussed  in  Section  3.1  scattering  characteristics  of 
sea  clutter  are  strongly  polarization  dependent  Figure  9  shows  the  HF  vertical  and  horizontal  co-polarization 
cross  sections  for  a  moderate  level  sea  state,  based  upon  a  widely  accepted  mode!  for  backscatter  from  the  sea  [5J. 

These  curves  show  o’**  to  be  on  the  order  of  20  dB  down  from  a„.  Therefore,  the  preferred  polarization  for 
reducing  sea  clutter  returns  is  a  linear  horizontal  electric  field.  From  Equation  (6)  we  see  that  as  lung  as  the 
Faraday  relation  can  be  kept  to  less  that  1095>  (ie.  yp  <  .1)  the  horizontal  backscattcr  will  be  the  dominant  clutter 
return.  This  assessment  assumes  that  the  polarization  separation  is  limited  by  the  rotation  in  the  AIM,  rather  than 
at  the  transmit  and  receive  channels. 


AIM  Gradient,  D  (m) 

Figure  8.  Typical  Trade-off  For  AIM  Losses  vs  Depth  of  AIM  Cloud 

Computations  using  typical  profiles  produced  by  simulations  of  the  plasma  formation  process  slww 
rotations  of  as  much  as  2-3  radians  for  the  worst-case  location  and  patch  orientation.  In  these  cases,  it  may  be 
necessary  to  precompensate  for  Faraday  rotation  by  adjusting  the  polarization  cf  the  transmitted  signal.  Because 
the  amount  of  rotation  depends  only  on  tire  depth,  location,  and  orientation  of  the  patch,  the  amount  or 
compensation  required  can  be  computed  or  determined  by  experiment  and  applied  each  time  a  p3tch  is  created.  It  is 
important  to  note  that  any  AIM  radar  system  which  scans  in  azimuth,  and  which  uses  polarizau'on  control  to  take 
advantage  of  the  difference  in  sea  reflectivity,  must  already  have  the  ability  to  transmit  varying  polarizations;  so 
using  this  capability  to  compensate  for  Faraday  rotation  does  not  *dd  additional  complexity  to  the  system. 


4.0  Projected  Threat  and  AIM  System  Performance 
4.1  The  CrobeMissQe  Threat 
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In  eider  to  quantify  the  potential  performance  of  an  AIM  based  system,  a  specific  surveillance  mission 
and  t«?yifind  threat  was  selected.  Because  of  the  potential  use  of  this  type  of  system  as  an  adjunct  to  a  traditional 
skywave  OTH  radar  and  the  importance  of  the  mission,  we  have  selected  the  continental  United  States  strategic 
defease  as  the  candidate  mission,  and  the  corresponding  threat  is  a  low-flying  air  or  sub  launched  cruise  missile. 
Selection  of  this  mission  and  threat  presents  a  ntanber  of  challenging  problems. 


First,  the  surveillance  environment  consists  primarily  of  long-range  (teyond-the-horizon)  air  space  over 
the  sea.  In  order  to  provide  OTH  coverage,  the  AIM  will  be  created  at  approximately  70  km  altitude,  giving  a 
down  looking  beam.  The  corresponding  grazing  angle  will  vary  from  0'  at  the  AIM  horizon  (-  1 100  km)  to  15'  at 
200  km.  Therefore,  as  Figure  9  illustrates  sea  clutter  backscatter  will  become  a  limiting  factor  as  the  target  closes 
in  range.  In  order  to  help  reduce  the  sea  clutter,  a  horizontal  polarization  is  preferred. 

The  second  issue  to  be  considered  is  the  relative  geometry  of  a  low-flying  target  over  a  conducting  surface, 
such  as  the  sea.  As  is  wen  known,  this  geometry  can  give  rise  to  severe  multipath  nulls.  An  effective  approach  to 
dealing  with  multipath  is  the  use  of  frequency  diversity.  As  the  transmit  frequency  is  changed,  the  multipath  nulls 
move  in  range  (with  the  exception  of  the  first  null  at  the  AIM  horizon).  Th;s  effect  is  illustrated  in  Figure  10, 
where  a  single  frequency  multipath  response  is  compared  to  the  average  response  due  to  a  transmit  frequency  that  is 
hopped  between  three  frequencies;  43  MHz,  49  MHz,  and  54  MHz.  As  these  curves  illustrate,  the  use  of  frequency 
diversity  all  but  eliminates  the  multipath  nulls. 

Finally,  the  radar  cross  section  characteristics  of  a  cruise  missile  play  an  important  role  in  how  well  the 
radar  will  be  able  to  detect  and  maintain  a  track  on  the  target.  Figure  11  shows  a  numerically  calculated  radar  cross 
section  of  a  cruise  missile  like  target  at  grazing  incidence.  The  target  consists  of  a  metallic  cigar-shaped  cylinder 
with  metal  fins.  The  dimensions  of  the  target  approximate  those  of  a  typical  cruise  missile.  While  the  resulting 
cross  section  calculations  do  not  exactly  match  those  of  a  real  cruise  missile,  they  do  give  a  good  indication  of  the 
relative  dependence  upon  frequency  and  polarization.  As  the  curves  in  Figure  1 1  indicate,  resonance  occurs  in  the  50 
-  100  Mhz  range,  with  a  consequent  fall  off  as  f4  below  this  region  (corresponding  to  Rayleigh  scattering). 
Additionally,  for  low  grazing  angle,  closing  geometries  there  is  a  strong  dependence  on  polarization,  with 
horizontal  polarization  providing  from  10  tc  20  dB  advantage.  Therefore,  the  positive  frequency  and  polarization 
control  offered  by  AIM  can  be  used  to  simultaneously  exploit  the  cross  section  characteristics  of  both  the  target 
ar.d  the  sea  clutter. 
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Figure  10.  Impact  of  Multipath  Can  be  limited  by  figure  11.  Numerical  Model  for  a  Cruise  Missile 
Using  Frequency  Diversity  (30  m  Target)  like  Target  [b] 


4J  A  Baseline  System  and  Its  Predicted  Performance 
Baseline  Heater: 

This  section  describes  the  current  baseline  heater  system  and  describes  trade  studies  that  have  been 
performed  to  arrive  at  this  baseline.  There  are  two  rather  distinctive  approaches  for  simultaneously  obtaining  the 
high  ERP,  achieving  the  positive  field  gradient  needed  for  controlled  breakdown,  and  controlling  the  plasma  rloud 
with  sufficient  precision  that  it  may  be  used  for  the  radar  application: 

1)  a  larg=.  solid-state  phased  array,  or 

2)  high-power  tubes  (klystrons,  likely)  feeding  several  dishes. 

Our  current  understanding  of  the  phenomenology  and  the  available  technology  leads  us  to  favor  the  solid-state 
approach  for  the  Full  Scale  Engineering  Development  system  because  of  its  greater  controllability,  likely  lower 
life  cycle  costs,  and  greater  reliability.  The  tube  approach  is  currently  favored  for  an  atmospheric  proof  of 
principle  demonstration  because  of  ill  lower  development  cost 

Based  on  our  study  of  the  plasma  creation  process  and  associated  control  requirements,  formation  of  an 
AIM  that  will  efficiently  reflect  HF/VHF  radar  waves  requires  a  heatet  with  baseline  design  characteristics  as 
follows: 

•  Heater  frequency  in  the  UHF  band, 

•  Moderate  (about  10%)  frequency  agility, 

•  Effective  radiated  power  of  136  dBW, 

•  Duty  cycle  of  0.1 -3  %. 

•  Average  power  of  1  -  5  MW,  and 

•  Flexible  and  accurate  control  of  the  E  field  focus. 

The  current  baseline  concept  for  the  heater  antenna  consists  of  a  large,  phased  array  (about  4  bnJ)  with  solid  state 
transmit  elements,  each  tadiating  at  a  nominal  frequency  of  425  MHz.  While  the  number  and  placement  of  the 
antenna  elements  is  still  subject  to  a  detailed  design,  the  general  trade-off  is  one  of  increasing  the  number  of 
elements  (ie.  radiating  aperture)  in  order  to  reduce  the  required  heater  energy  per  AIM  cloud.  As  the  array  area  is 
filled,  it  becomes  more  efficient  in  terms  of  placing  radiated  power  at  the  heater  focus,  consequently  requiring  less 
total  radiated  power. 
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Bastline  Radar: 

The  baseline  AIM  radar  consists  of  a  phased  array  aperture  operating  inihe  30  ■  60  MHz  range,  with  an 
ERP  of  98  to  104  <JBW.  The  radar  will  operate  with  a  frequency-swept  FM  pulsed  waveform,  where  the  pulse 
width  is  chosen  to  match  the  540  km  two-way  propagation  time,  from  the  radar  to  the  initial  range  of  surveillance. 
This  will  provide  maximum  average  power,  compressed  range  resolution,  and  co-location  of  the  transmit  ami 
receive  aperture.  Table  1  summarizes  the  pertinent  tadar/patch  parameters  for  25  MHz  and  50  MHz  baseline 
designs. 


System  Parameters 

- RFaIE - 

VHP  AIM 

Average  Power 

I3W 

1.2  MW 

Antenna  Aperture  (Cain) 

256  x  250  m  (37  dB) 

250  x  250  m  (43  dB) 

frequency 

ii  MHz 

10  MHz 

Bandwidth 

10  kHz 

100  kHz 

Effective  Noise  Temperature 

~  n'ixxrtf 

7,000°  K 

System  Losses 

10  dB 

10  dB 

Patch  Parameters 

Size 

IdS  x  34)  km 

1.4  x  2.0  km 

Altitude 

76  km 

70  km 

Inclination 

4d°to454  ~ 

W  to  45° 

Propagation  Loss 

4  dB  (one-way) 

5.5  dB  (one-way) 

Relative  Polarization  (VV/HH) 

-24  dB 

-28  dB 

Beam  Dispersion 

L5°  az,  l^ei 

“  1.5°  az.  15°  el  " 

Table  1.  Two  Baseline  Radar  Configurations 

Baseline  Performance: 

Figure  12  indicates  the  expected  performance  of  the  two  baseline  radars  shown  in  Table  5  using  AIM 
against  targets  at  200  -  1,000  km  ranges.  These  curves  illustrate  the  sensitivity  of  the  radar  detection  performance 
in  a  moderate  level  sea  clutter  and  in  noise.  All  AIM  and  system  related  losses  have  been  included  in  the  analysis. 
The  minimum  detectable  target  is  defined  as  the  minimum  radar  cross  section  required  for  a  probability  of 
detection  exceeding  90%  with  a  false  alarm  rate  of  10"3  (- 100  pre-tracking  false  alarms  per  scan).  As  can  be  seen, 
the  VHF  radar  has  over  30  dB  margin  against  the  target  illustrated  in  Figure  10. 


Coherent 

Dwell 

.2  S 

.5  s 

1.0  s 
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5-0  Summary 

Ai  the  remits  in  this  paper  hive  indicated,  the  operations!  geometry  ind  radar  characteristics  of  an  AIM 
based  surveillance  tadar  can  provide  system  performance  that  is  well  suited  to  the  long-range  detection  and 
tracking  of  small,  low-flying  targets,  as  exemplified  by  the  ALCM  and  SLCM  threats.The  basic  questions 
concerning  the  feasibility  of  the  AIM  concept  ail  relate  to  how  reliably  one  can  create  the  AIM  within  tolerances 
necessary  for  useful  reflection  of  the  radar  signal.  Issues  that  directly  impact  AIM  utility  (size,  shape, 
orientation,  uniformity,  smoothness,  peak  electron  density,  fteepneas  of  the  density  gradient,  and  density  lifetime) 
have  been  addressed  above.  While  some  uncertainties  still  remain,  efforts  to-date  have  reduced  these  uncertainties 
» the  extent  that  there  appears  to  be  no  phenomenological  issue  preventing  realization  of  the  AIM  concept.  This 
is  based  upon  extensive  physics  studies  and  system  trade-off  considerations.  Results  of  these  investigations 
indicate  that  the  AIM  am  be  created  using  current  technology,  with  the  necessary  radar  reflective  characteristics  to 
provide  wide  arci  surveillance  and  early  detection  and  tracking  of  the  ALCM/SLCM  threat  of  the  future.  Bused  on 
there  results,  the  next  phase  of  effort  should  Include  the  careful  design  and  planning  of  an  atmospheric 
demonstration  of  the  AIM  concept 
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DISCUSSION 

R.  L.  SHOwra,  os 

In  addition  to  a  sharp  prof 11a  cnaat  to  raduca  absorption,  thera  ara  othar  f natural 
of  the  AIM  patches  which  vill  b*  ralavant  to  lta  uaa  In  a  radar.  For  axaxpla,  hava 
you  considered  patch  turbulanca  or  tha  noiaa  temperature  of  tha  patch?  Alao,  what 
sub-clucxer-vlelbllity  (SCV)  do  you  anvlaion  for  your  25  or  50  MHx  radar?  Ovar  tha 
borlion  (OTH)  radars  at  HF  would  require  about  (0  dB. 

AUTHOR'S  Itmi 

Tea,  wa  hava  looted  at  quits  a  number  of  othar  affacts:  turbulanca  In  tha  patch  and 
tha  affect  of  wind  shears  on  tha  position  of  tha  patch  are  Important  questions  for 
which  thera  la  not  a  lot  of  experimental  data  to  provide  answers .  Ms  hava  no  raaaon 
to  expect  turbulanca  at  70  km  aufficiant  to  cause  us  problems  In  our  Dcppler 
procaraing,  but  tbera  la  not  a  lot  of  available  data  to  ehov  definitively  that  these 
problems  do  not  exist.  The  SCV  that  wa  need  is  jolnq  to  be  somewhat  less  than  for 
OTH  because  we  hava  polarization  control  and  OTH  is  forced  to  operate  with 
•ssantlally  randoa  polarization.  This  la  a  key  feature  of  this  systea  In  that  It 
glvas  polarization  control  and  tha  ability  to  operate  against  a  20  dB  lover  clutter 
cross-section.  Typically  wa  would  Ilka  to  operate  at  50-60  dB  SCV,  although  there 
le  no  fundanertal  reason  why  wa  couldn't  achieve  a  SCV  alallar  to  that  of  OTH,  tha 
only  Halt  would  be  the  coherent  integration  tiaa  Halting  our  frequency  resolution. 

».  ARMSTRONG,  US 

Collateral  affects  can  eoaatiaes  be  viewed  as  damaging  or  aa  applications,  and  there 
can  be  a  long  list  which  aany  in  this  audience  haven't  heard  of  bafore,  but  such 
lists  would  taka  toe  long  and  I  will  try  to  restrict  ay  questions  to  the  application 
bare  of  radar,  but  a  longer  Hat  should  be  discussed  later.  Tha  intaraedlate  radar 
range  discussed  here  la  also  covered  by  airborne  radar  systems.  Coverage  of  an 
airborne  aystea  la  <  4%  of  an  AIM  systea  but  la  mobile.  Plaaaa  coaacnt  further  on 
comparison  of  AIM  and  airborne  radar  systems . 

AUTHOR'S  RKPLY 

Airborne  radar  systems  suffer  from  two  major  limitations  when  compared  with  AIM-based 
radars.  First,  current  elrbome  radar  systems  are  incapable  of  detecting  small  RCS 
targets,  which  an  AIM  radar  would  be  capable  of  detecting.  Second,  although  an 
airborne  systea  could,  In  principle,  be  built  with  performance  similar  to  an  AIM- 
based  radar,  it  would  still  suffer  from  tha  coat  and  logistics  burden  imposed  by  the 
need  to  keep  many  aircraft  aloft  constantly  to  cover  tha  same  area. 
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Ekctrejrt  Modulation  ELF  Communications 
K.  Papadopoulos1,  K.A.  Shanny,  L.  Susraan,  M.  Machine,  P.  SUir.boulSj 
ARCO  Power  Technologies  Inc,  1250  Twenty-fourth  St  NW,  Washington,  DC  26037 

Abotract  The  causes  for  die  inefficient  conversion  of  HP  to  ELF  waves  by  ionospheric  hexting  observed 
in  recent  experiment*  we  examined.  It  it  found  that  for  the  low  frequency  HF  ran*?  i5~4  MHz  wed  in  the 
present  experiment*  the  modified  conductance  saturates  during  a  fraction  of  the  HF  irradiation  cycle.  Ai  a  tenth 
matt  of  the  HF  energy  is  transferred  to  processes  that  do  not  affect  the  conductance  significantly.  This  wxt 
experimentally  confirmed  using  the  HIPAS  facility.  Tbdinkjvs  relying  on  fast  HF  antenna  sweeping  by  which 
the  efficiency  can  increase  by  more  titan  two  order:  if  magnitude  are  presented. 

1  introduction 

The  potential  for  using  the  ionosphere  as  an  active  medium  to  transform  ground  based  HF  power  to  ELF 
power  and  its  significance  to  submarine  communications  was  first  noted  in  an  interna!  report  at  the  Naval 
Research  Laboratory  (Papadopoulos,  1973).  The  original  premise  w as  thsr  when  the  ionosphere  is  irradiated 
with  an  electromagnetic  (cm)  signal  that  contains  two  carrier  frequencies  uj  and  1*7,  the  ionospheric  plasma 
acts  as  an  active,  nonlinear  medium  producing  signals  at  the  frequency  difference  v  «  uri  -  iuj  (Fig.  1).  The 
effect  was  experimentally  confirmed  for  the  first  time  in  Gorky  USSR  (Germantsev  et  ai.,  1974).  In  the  course 
of  subsequent  experimental  and  theoretical  studies  (Kotik  et  ai.,  1975)  it  was  found  that  for  the  HF  powers  used 
the  effect  was  strongest  in  the  presence  of  ambient  ionospheric  currents,  in  which  case  the  frequency  conversion 
could  be  accomplished  by  either  the  two  frequency  technique  or  by  simple  amplitude  modulation  of  the  HF 
currier  at  the  desirable  low  frequency.  The  experimental  and  theoretical  work  in  the  seventies  was  conducted 
predominantly  in  fire  USSR  (see  Belyaev  et  at,  1987  for  a  comprehensive  review).  Following  the  success  of 
the  USSR  experiments  Stubbe  and  Kopka  (1977)  suggested  that  the  high  latitude  ionosphere  could  be  a  much 
more  efficient  frequency  converter  due  to  the  presence  of  strong  electrojet  currents.  A  powerful  HF  facility 
built  by  the  Max-Planck  Institut  fur  Aeronomie  in  Trtxnso  Norway  was  the  dominant  site  of  experimentation 
in  the  80’s  (Stubbe  et  aL,  1981,  1982;  Barr  and  Stubbe,  !984a,b;  Bare  st  at,  1985).  These  experiments  were 
extremely  successful  in  producing  huge  ELF/VLF  signals  ou  the  ground  by  amplitude  modulation  of  the  HF 
power  incident  in  tire  ionosphere.  The  Tromsc  HF  transmitter  operated  in  the  frequency  range  of  2-5-5  MHz  with 
an  effective  radiated  power  (ERP)  of  100-300  MW.  However,  in  the  context  of  ELF  submarine  communications, 
the  results  were  rather  disappointing  since  Ac  overall  HF  to  ELF  power  conversion  efficiency  was  found  to  be 
of  the  order  of  10"*  while  the  conventional  ground  based  ELF  facility  in  operation  at  Wisconsin  (WTF)  has 
a  conversion  efficiency  of  10~®.  The  purpose  of  this  paper  is  to  examine  the  reasons  for  the  low  conversion 
efficiency  and  suggest  techniques  unde  which  HF  facilities  similar  to  the  Tromro  facility  can  improve  their 
conversion  efficiency  by  two  to  three  orders  of  nttgnitude.  In  addition  to  the  theoretical  results  we  present 
below  preliminary  experimental  investigations  using  the  HIPAS  facility  in  Fairbanks,  Alaska,  which  confirm 
the  theoretical  premise  for  the  inefficiency  of  downcenversion  and  the  suggested  improvements.  This  paper 
concentrates  on  frequency  conversion  in  the  low  D-region  of  the  ionosphere  (<  80  km)  where  the  HF  power, 
for  the  low  frequency  (f  <  5  MHz)  and  low  power  density  (<  I  -  2^)  range  is  absorbed.  Even  larger 

efficiency  gains  can  be  achieve?)  by  using  higher  frequency  (f  >  5  MHz)  higher  power  densities  (  >  5  - 
transmitters,  in  which  case  the  KF  power  is  absorbed  in  the  lower  E  region  (85-95  km).  This  topic  forms  the 
subject  of  a  separate  paper  (Papadopoulos  et  aL,  1990a). 

2  B Marine  ELF  Generation  and  Scaling 

The  process  by  which  die  HF  power  is  converted  to  ELF  in  the  lower  D-region  where  the  ambient  electron 
neutral  collision  frequency  for  momentum  transfer  i/0  is  smaller  than  the  electron  cyclotron  frequency  f)  is  the 
following  (Chang  et  aL,  :9£i).  At  high  latitudes  the  solar  wind  interaction  with  earth’s  magnetosphere  results 
in  the  creation  of  an  electromotive  force  (emf).  Since  at  high  altitude  the  magnetic  field  lines  are  equipotential 
fines,  the  high  altitude  electric  field  =  E0ix  maps  in  die  lower  ionosphere  where  collision tal  processes  aliow 
for  die  generation  of  cross  field  currents.  TWo  types  of  currents  flow  across  the  magnetic  field  J?  =  BoC,. 
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The  Pedersen  current 


(2.1) 

in  the  direction  of  the  electric  field  Eg,  end  the  Hall  current 


in  =  ^sE^f  (2.2) 

perpendicular  to  Eg  and  B®.  Ineqa.  (21)  and  (2.2)  op  and  oh  we  the  Pedersen  and  Hall  conductivities  defined  u 


ne1  (  v,  \ 

a,mmai\i  +  vi/n*) 

(13*) 

neJ  (  Q  \ 

°a  =  mn2\i  +  n2/n2y 

where  a  is  the  ambient  electron  density,  it  is  clear  that 

(23b) 

h r  n 

Charge  neutrality  requires  that  the  ambient  ionospheric  currents  be  divergent  free,  i jt. 

V-l~  0 

(24) 

Periodic  electron  heating  at  the  HF  modulation  frequency  ur,  leads  to  a  periodic  conductivity  modulation  in 
the  heated  volume  if  uitc  <  1  where  re  it  the  electron  cooling  time.  In  order  to  maintain  the  divergence  free 
condition  imposed  by  the  quasineutrality  requirement,  a  polarization  electric  field  E|  builds  in  the  modified 
legion  to  maintain  the  divergence  free  condition,  ie. 

(2-5) 

Inrroducing  die  height  integrated  conductivity  g,  eq.  (25)  with  £,  =  becomes  (Chang  et  al.,  1981) 

a  (  8i\  .  e  dd\  .  dz„a<t>  aEBOi 

3i\  fdx )  dy\  rdy)  dx  dg  dg  dx 

(26) 

(ff^  dZH\ 

=  {i£--w)E' 

Figure  2  shows  the  difference  in  the  height  integrated  current  J)  and  the  electric  field  E|  before  and  after  the 
modification  for  a  Gaussian  modified  region  with  radius  R;  J\  and  E|  are  the  sources  of  radiation  at  the  low 
frequency  u.  From  eqs.  (23)  and  v  »  fl  we  see  that  the  fractional  change  in  Hall  conductivity  is  larger  than 
the  fractional  change  of  the  Pedersen  conductivity.  We,  thus,  examine  the  modification  of  the  hr'ght  integrated 
Hall  current  only.  If  the  HF  absorption  occurs  over  a  region  As  a,  to  zero  order  the  radiating  current  will  be 

.  , _  .  ne2  1)  f  i/jN 

J\B  53  (Ei/i) - 1  1 - j-  ]  ■  (2.7) 

where  uf  is  the  modified  collision  frequer  zy.  Tilting  as  L2  the  horizontal  area  of  the  heated  region  we  find  that 
the  radiating  source  at  ELF  it  an  horizontal  electric  dipole  with  moment  M 

M»(£yOL2— -fl-41  (2-*) 

i \) 

The  reason  for  the  inefficiency  of  HF  to  ELF  conversion  can  be  identified  by  rewriting  (2.8)  as 

M  =  (E^tf&og  (29) 


A Og  = 


a  10) 


/ 
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Notice  that  v  ~  T„  where  T,  it  the  electron  temperature,  which  in  its  turn  is  proportional  to  HF  power  density 

-35 

when;  to  it  the  absorption  height,  P0  the  ground  KF  power  and  O  the  antenna  gain. 

Figure  3  (hows  the  unirated  value  ofAcg  computed  using  a  kinetic  code  as  a  function  of  the  power  density 
S  for  a^HF  frequency  of  2£  MHz  (PapadopoutcsetaL,  1990).  It  ia  clear  that  Aojj  after  an  initial  linear  increaae 
with  S  saturates.  Further  increase  of  S  or  equivalently  of  the  EXP  does  not  produce  additional  modification. 
For  the  Ttomso  heater  S  es  2  mW/m2  is  above  die  optimum  value  resulting  in  waste  of  the  HF  power.  The 
behavior  teen  in  Fig.  3  can  be  understood  on  the  basis  of  eq.  (2.10).  For  low  values  of  S,  we  can  write 

«/y  «  +  Av 

with  Av/v,  «  1.  At  a  result 


A  „  ne2  fi  Lv  . 

Atrats  2 - ~S 

mv9  v0  vt 

For  higher  values  of  S.  and  Aag  sanitates  at  the  value 

.  ne2  fl 
A an  « - 

mi's  v0 

For  the  low  power  density  regime  from  eqs.  (2.9)  and  (2.12)  we  find 

M~{Eon)L2S 

~(Eoa)j;PoG~(Eoa)Po 

whete  we  used  L 2  ~  Namely  the  ELF  power  scales  as  P2.  However,  for  the  high  power  regime 


1  ne2 
Grnt/q 


4 


(2.12) 


(113) 


(2.14) 


(2.15) 


Namely  for  values  of  S  larger  than  saturation,  efficient  ELF  production  requires  smaller  values  of  G,  which  of 
course  result  in  larger  radiating  moments.  This  effect  was  first  noted  in  Chang  et  at.  (1981).  Returning  to  Fig. 
3,  we  note  tl  at  A erg  deviates  from  linearily  at  S0  «  5  x  lQ~*W/m9.  For  the  Tromso  facility  P0  »  1MW, 
PoG  «  150A/W  and  S  *s  2 mW/m2.  It  is  obvious  that  an  HF  to  EL?  efficiency  will  increase  by  a  factor  of  16 
(i.e.  if  we  decrease  die  gain  of  die  antenna  by  a  factor  of  4  so  that  S  =  S9  »  .5 mWjm2  at  70  km. 

The  final  factor  that  could  affect  the  conversion  efficiency  is  die  scaling  of  the  absorption  height  a  with 
power  density.  To  examine  its  effect  we  rewrite  M  from  eq.  (2.9)  as 


For  constant  gain  L2  «  const  and 


M  ~  E,L2 AS* 


AS  a  —  o(Ao'if) 


M  *■'  ASjj 
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Figure  4  shows  the  scaling  of  AS#  as  a  function  of  PG  from  a  numerical  computation  at  2J  MHz.  It  is  clear 
that  the  scaling  of  the  ELF  to  the  HF  power  is  weaker  than  linear. 

3  Efficiency  Increase  by  Antenna  Scanning 

Further  efficiency  increase  can  be  achieved  by  relying  on  the  following  basic  non-linearities  of  die  electron 
heating  in  the  ionosphere. 

(i)  The  value  of  v  ~  Te  resulting  in  fast  (exponential)  electron  heating. 

(ii)  The  cooling  rate  decreases  as  a  function  of  Te  for  Te  in  die  range  of  600°K  and  2000“K  (Fig.  5). 

(iii) For  S0  >  .5*— £  die  heating  is  of  the  runaway  type  for  Te  <  2000°  K  and  thus  very  little  energy  is  waisted 
in  excitation  of  rotational  levels. 
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Thu  technique  again  relies  on  the  fact  that  M  ~  L?  and  major  efficiency  increase  can  be  accomplished  by 
increasing  the  modified  area  LJ  by  electronically  scanning  the  HF  transmitter.  The  underlying  phyiics  of  the 
efficiency  increase  can  be  understood  by  referring  to  Fig.  6a, b  (Papadopoulos  et  al.,  1989).  Figure  6a  shows 
the  temperature  variation  for  the  case  where  a  single  spot  in  the  ionosphere  was  continuously  inaditted  by  the 
HF  over  a  time  where  t£££  =  &.  The  periodic  modulation  in  the  temperature  tmltr  in  modulating  the 
conductivity  and  the  ioncsphcric  current,  which  is  the  basis  of  the  ionospheric  ELF  anttmui  Figure  shows  the 
temperature  variation  if  we  send  short  pulses  of  duration  1.2  x  10"3  tojf  with  a  repetition  rate  of  5  x  1CT2  raj 
over  the  half  period  instead  of  irradiating  it  continuously.  The  resultant  temperature  was  only  |  of  the  one  for  the 
standard  case,  resulting  in  a  lower  conductivity  vitiation  by  a  factor  of  2.  However,  the  HF  energy  expenditure 
over  the  m  r  time  is  40  times  lower,  resulting  In  extreme  increase  in  the  efficiency  of  HF  to  ELF  conversion. 

The  validity  of  this  concept  was  demonstrated  experimentally  using  the  HIP  AS  facility  last  summer  (Pa- 
padopoulcs,  1990b).  Figure  7  shows  the  relative  field  amplitude  measured  on  the  ground  for  pulses  equal 
with  t.  w  S  telf-  For  technical  reasons  only  rxxtrepetitive  single  pulse  irradiation  could  be  performed  at 
/  «=  *  633 Hz.  For  the  cases  where  rp  >  .25  rgu  the  value  of  B  measured  on  the  ground  was  independent 

Of  the^ilF  energy  per  reu,  indicative  of  efficiency  improvements.  The  technique  by  which  this  concept  can 
•ead  to  much  higher  ELF  powers  without  increasing  the  ground  HF  power  or  the  antenna  gain  was  discussed  in 
detail  in  Papadopoulos  et  al.  (1939).  The  scheme  shown  in  Fig.  8  relies  on  scanning  of  the  HF  antenna  very 
fast  so  that  K  can  irradicte  other  spots  during  its  off  time  toff  increasing  the  effective  ELF  antenna  area.  The 
estimated  increase  in  efficiency  was  of  the  order  of  400. 

4  Suntmsry  end  Conclusions 

hi  this  piper  we  identified  the  causes  for  the  low  efficiency  of  HF  to  ELF  conversion  observed  in  the 
recent  ionospheric  experiments.  It  was  shown  theoretically  and  experimentally  that  for  low  altitude  heating  the 
conductivity  modification  saturates  at  insident  power  densities  of  the  order  .5  -  l^jr-  Increase  of  the  power 
density  past  the  ,5~r  results  in  excitation  of  molecular  lines  or  electron  heating  but  weak  increase  in  the 
conductance.  A  technique  was  suggested  by  which  the  conversion  efficiency  can  increase  by  more  than  two 
orders  of  magnitude. 
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Figure  2  (b).  Current  Produce!  by  Heating  Modification 
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Figure  3.  Modification  of  Hall  Conductivity  vs.  Power  Density 
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Figure  6.  farospberie  Electron  Temperature 
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OISCOMIO* 

o.  a.  nun,  os 

X  would  Ilka  to  point  out  that  X  showod  in  ay  talk  (yaatarday)  that  aubatantial  wave 
energy  can  be  dapoaltad  at  -  SS  ka  altltuda  with  60  dBW  at  VLF  fraquenciae  and 
resulting  in  conductivity  changes  of  factora  of  3-5.  X  think  thia  rapraeanta  an 
alternative  achaaa  for  generating  CnF/EU  in  tha  ionoaphara  via  heating  by  nodulated 
VU  wavaa. 

tnaori  reply 

If  it  ia  poaaibla  to  haat  the  elactrojat  region  at  90-95  ka  preferentially  with  vlp 
wavaa,  it  will  ba  clearly  a  technique  coapatitiva  to  HF  and  a  proper  tradeoff  atttdy 
should  ba  conducted. 
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The  High  Power  Auroral  Stimulation  (HIPAS)  heating  facility  haa  been  used  to 
modulate  D  region  ionospheric  currents  at  high  latitudes,  producing  very  low 
frequency  (VLP)  radio  wave  emissions.  The  behavior  of  these  ionospheric  currents  can 
be  deduced  from  a  coaprehenaive  study  of  the  VLF  signals  received  at  a  local  fiald 
sits.  This  paper  examines  the  relationship  between  the  VLF  aagnetlc  field  strength 
measured  on  the  ground  and  the  Intensity  of  an  overhead  electrojet  current  for  the 
purpoee  of  enhancing  coaeunicat ions .  The  mapping  of  the  polar  elactrojet  current 
frea  the  I  region  down  through  the  D  region,  where  it  can  then  be  aodulated  by  the 
beater  bee a,  is  investigated.  A  finite  difference  solution  to  the  electrojet  sapping 
preblea  is  presented  In  which  arbitrary  conductivity  profiles  can  bi  specified. 
Results  have  been  obtained  using  a  staple  Cowling  aodel  of  the  nlectrojet.  These 
results  indicats  that  for  electrojets  flowing  between  100  and  110  ka  with  scale  sices 
In  excess  of  100  ka,  the  sapping  of  the  horizontal  current  density  can  be  coapletely 
character ixej  in  terse  of  the  Pedersen  end  Hall  conductivities.  This  indicates  that 
the  sapping  becoaes  independent  of  scale  aixee  which  exceed  100  ka.  A  proaieing  new 
diagnostic  technique,  for  studying  ionospheric  D  region  currents,  has  been 
iapleaented  using  the  HIPAS  facility.  This  technique  involves  high  frequency  (BF) 
bees  steering  for  localised  VLF  generation  in  the  sapped  region  below  electrojeta. 
Bess  steering  has  been  used  to  eetiaate  the  strength  and  current  distribution  of  the 
poler  alectrojet,  and  for  charting  the  aoveaenta  of  overhoed  currents. 


I,  Introduction 

The  generation  of  ILF/VLF  signals  by  aodulatlon  of  the  dynaao  current  syetea 
using  the  HF  besting  facility  located  near  Arecibo,  Puerto  Rico,  haa  been  reported  by 
Ferraro  et  al.  (11  and  Ferraro  et  al.  (2).  Radiation  froa  a  heated  and  aodulated 
equatorial  electrojet  current  systea  was  detected  by  Lunnen  st  al.  (3J. 

Ionoapherlcal ly  produced  signals  resulting  froa  periodic  plaeaa  heating  of  the  polar 
elactrojet  current  systea  have  been  studied  by  Stubbe  at  al .  [4],  Rletveld  et  al. 

(5),  Rletveld  et  al .  (61,  and  sore  recently  by  Ferraro  et  al.  [7]. 

A  aarlea  of  ionospheric  heating  experiaents  have  been  conducted  at  the  HIPAS 
•aeility  near  Fairbanks,  Alaska,  over  a  period  of  two  years  froa  June  1987  to  August 
)  *B9.  The  transacting  aystea  conaiata  of  eight  individual  RF  heating  tranaaitters 
wilch  feed  the  eight  antennas  that  coapriae  the  HIPAS  heating  array.  The  HIPAS  array 
hsa  a  total  of  eight  croaaed-dipoles ,  seven  of  which  are  equally  spaced  around  the 
C ircuaferenee  of  a  340  foot  radius  circle,  with  an  eighth  one  situated  at  the  center. 
Xonoapheric  heating  ia  achieved  by  aodulating  the  HF  continuous  wave  output  of  the 
transmitter. 

A  recon f igurable  ELF/VL F  receiver  was  positioned  47  ka  weet  of  HIPAS  at  a 
University  of  Alaska  Geophysical  Institute  field  Site  (S).  A  polariaoter  was  sst  sp 
at  tha  receiving  site  In  order  to  monitor  the  polarisation  characteristics  of  ths 
incoming  ELF/VLF  signals  at  the  ground.  This  polariaeter  consisted  of  two  orthogonal 
loop  antennae,  one  with  its  plane  oriented  in  the  magnetic  north-south  direction  sad 
tbe  other  with  *ts  plane  in  the  east-west  direction.  The  coap rnents  of  the  ELF/VLF 
signals  which  were  interespted  by  each  of  the  tuned  loops  would  undergo 
f raampli fleet ion  and  filtering.  Lock-in  analyzers  then  extracted  ths  ln-phass  (II 
nr  }  quadrature  (Q)  components  of  the  signals  using  narrowband  coherent  detection. 

c  outputs  of  the  lock-in  analyzers  were  digitized  by  a  data  acquisition  system  for 
au^Jyaie,  display,  and  storage  via  a  microcomputer.  Highly  stable  crystal  frequency 
standards  were  uaed  at  both  the  tranaaitter  and  receiver  locations  to  Insure  precise 
frequency  coherence  and  sampling  accuracy. 

Experiments  were  carried  out  in  which  the  HIPAS  heater  bean  was  conically 
scanned  at  an  angla  of  30*  with  respect  to  the  vertical.  The  total  tins  to  complete 
one  of  these  scene  wes  two  alnutee.  8oae  conical  scanning  VLF  deta  la  preasnted  aad 
interpreted  in  this  peper. 
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II.  The  Downward  Mapping  of  tha  Polar  Electrojet  Currant 

A  alapla  Cowling  nodal  waa  uaad  bp  Warner  and  Parraro  [ S ]  to  rapraaant  tha  polar 
electrojei  currant.  Tha  potantlal  aaaoclatad  with  an  alactrojat  currant  waa  found  to 

b* 


•(W)  Z(i) 


(1) 


wbora 


<2) 


*lm 


(3> 


Tha  paraaotara  lj  and  A|  ara  tha  apatlal  wavelength.  In  tha  gaoaagnetlc  .aaat-weat  and 
aorth-aouth  direction.,  reepectlvely,  of  an  alactrojat  flowing  at  an  altitude  of  a  . 
The  apatlal  wavelengtha  datarnit.a  acala  else  of  an  alactrojat  and  ara  relatedby 
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Tha  function  Z(a)  appearing  In  Eq.  (1)  la  tha  aolution  of  a  boundary  value  problea 
charactarlaed  by 
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la  tha  affective  wave  nuabar  of  the  alactrojat.  Tha  ganarallaad  fora  of  Oha'a  law 
for  a  plaaaa  in  a  magnetic  field  la  uaad  to  relate  the  current  danalty  to  tha 
potantlal  function  glvan  in  Eq.  (l)t 
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is  the  Ionospheric  conductivity  tensor.  The  tera  o.  is  known  so  the  direct 
conductivity!  o«  the  Petersen  conductivity,  end  Oj  the  Boll  conductivity.  An 
expression  for  the  normal ised  magnitude  of  the  horizontal  current  density  is  given  by 
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where 
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is  the  Cowling  conduct ivity.  The  corresponding  angle  of  tho  horizontal  current 
density,  measured  in  degress  south  of  west,  is  than 
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Tho  boundary  valuo  probloo  described  by  Eq.  (5),  Eq.  (6),  and  Eq.  (?)  oust  bo 
aolvod  numerically,  with  tho  exception  of  a  few  apodal  caaoa  of  tho  conduct ivlties 
(9).  A  finite  difference  acheae  waa  uaed  by  Werner  [10]  to  obtain  a  numerical 
solution  to  this  boundary  value  problea.  The  ability  to  specify  arbitrary 
conductivity  profiles  has  boon  incorporated  into  the  nuaerical  aapping  aodel.  Tho 
differential  equation  Eq.  (6)  can  be  approxiaated  at  t>s^  by  tho  difference  equation 
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Figure  1  ahowa  aoae  normalized  horizontal  current  density  profiles  for  the  altitude 
range  between  100  ka  and  60  ka.  Profiles  for  several  different  effective  wavelengths 
are  included  (deshed  curves ),  while  the  solid  curve  represents  the  profile  to  which 
the  horizontal  current  density  converges  with  >100  ka.  This  curve  is 
characterized  by 
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which  only  depends  on  the  Hall  and  Petersen  conductivities.  The  current  density 
profiles  of  Figure  1  were  obtained  sssuaing  the  presence  of  an  intense  aagnetic  atom 
during  sunspot  aaxiaua  daytiae  conditions.  An  electro jet  source  height  of  100  ka  was 
assuaed  in  accordance  with  the  results  of  Kaalde  and  Brekks  [11].  The  ionospheric 
conductivity  aodel  corresponding  to  sunspot  aexiaua  daytiae  conditions  was  adopted 
froa  Hughes  and  Scuthwood  (12). 

III.  The  Aabient  and  Modulated  D  Region  Current  Denaities 

The  VLK  ionospheric  source  can  be  treated  as  an  lncresental  voluae  element 
A with  a  modulated  horizontal  current  density  of  |A*\|  centered  at  the  altitude 
of  aaxlaua  heating.  For  typical  experimental  conditions,  the  extent  of  the  effective 
radiating  layer  A*  1*  approximately  1  ka  and  the  layer  ia  aaauaed  to  be  centered  at 
70  ka.  The  current  density  of  the  modulated  ionoaphere  AJ  can  be  related  to  the 
current  density  of  the  aabient  ionosphere  by 
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for  a  vertical  geoaagnetic  field,  the  aabient  (unpriced)  end  the  heated  (prised) 
conductivity  teneore  ere  given  by 
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It  follows  froa  Eq.  (23),  Eq.  (26),  end  Eq.  (27)  that 
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then  the  Modulated  horizontal  current  densities  can  be  expressed  in  terse  of  the 
aafcient  horisontal  current  densities  in  the  following  wap 


on 


Using  Eq.  (31),  it  can  be  shown  that  the  Magnitude  of  the  total  horisontal  aabient 
current  density  and  the  tctal  horisontal  nodulated  current  density  are  related  by 
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The  horizontal  modulated  currant  density  a*/  be  estimated  froa  tha  intensity  of 
tha  VLF  magnetic  ftald  measured  on  tha  ground.  Tha  values  of  Ao  ara  determined  using 
ionospheric  haatlng  theory  (13],  [141.  Tha  aablant  horliontal  currant  density  can 
than  ba  calculated  froa  Iq.  (32).  finally,  tha  atrangth  of  the  alectrojet  currant  J 
can  ba  fcund  using  tha  results  of  mapping  theory  Eq.  (221.  figure  2  shows  a  block* 
diagram  of  tha  model  davaloped  to  study  tha  relationship  between  tha  VLf  magnetic 
field  Intensity  measured  on  tha  ground  and  the  -trangth  of  tha  polar  alactrojat. 

IV,  Istimatlon  of  Ileetrojet  Currant  Density 

The  Alaska  meridian  chain  cf  magnetometers  was  used  to  confirm  the  presence  of 
an  electrojet  over  tha  HIPAS  facility  whan  heating  experiments  ware  In  progress.  The 
Alaska  meridian  chain  consists  of  several  flux-gate  magnetometers  located, 
approximately,  along  a  line  of  constant  gaomagnatic  longitude.  Each  magnetometer 
measures  three  components  of  tha  earth'a  vector  magnetic  field  in  a  coordlnats  system 
in  which  tha  H-component  represents  magnetic  north,  the  D-componant  represents 
magnetic  seat,  and  the  Z-coarpcnent  points  down  towards  tha  ground.  In  general, 
currents  flow  in  tha  seat-west  direction  In  the  h i gh- 1  at i tude  Ionosphere. 

figures  3,  4,  and  5  show  the  M-,  D- ,  and  Z-trecea,  respectively,  for  July  22, 
1911  (18].  Tha  magnetometer  stations  of  greatest  intsrest  ara  Talkaetna  (TLX)  which 
la  mouth  of  falrbanka,  and  fort  Yukon  (FYU)  which  is  north  of  fairbanka.  At  0335 
local  time  (1135  'JT)  on  July  22,  tha  HIPAo  HF  heater  beam  waa  being  modulated  at  m  S 
kHs  rata  In  the  vertical  position.  Tha  correepondi ng  B-fteld  intensity  measured  on 
the  ground  was  0.65  pT.  Tha  magnetograms  for  thie  period  indicated  that  thars  was  a 
negative  perturbation  in  tha  H-component  measured  st  the  FYU  and  TLX  stations.  Thera 
was  no  perturbation  In  the  D-component  measured  at  FYU  and  TLX.  Tha  Z-component  waa 
positive  to  the  north  (FYU)  and  negative  to  the  eouth  (TLK)  of  Fairbanka.  These 
measurements  Indicate  that  there  waa  a  westward  traveling  alectrojet  prsaant  over 
fairbanka  during  this  ttma. 

A  VLE  1-field  of  0.65pT  corresponds  to  a  horisontal  modulated  currant  density  of 
1.72  x  10’J  A/km1,  assuming  that  tha  altitude  of  maximum  hasting  la  75  km. 

Papedopouloe  at  al.  (14),  evaluate  the  level  of  conductivity  modulation  at  various 
ionospheric  haighta  aa  a  function  of  incident  Hf  power  density.  Tha  value  of  Aoj  and 
Aoj,  and  banes  a^  and  a^. ,  can  ba  found  froa  these  curves  *  suming  an  altitude  of  75 
km  and  an  HF  power  density  at  this  height  of  lmV/m  .  The  corresponding  valuaa  of  Sjj 
and  m^  are  0.5255  and  O.3S20,  respectively.  These  modulated  conductivity  valuaa 

reed  in  conjunction  with  Iq.  (32)  imply  that  the  horisontal  ambient  current  density 
J|l  at  a  75  km  altitude  waa  2.4  x  10  *  A/km‘ .  If  it  is  assumed  that  the  alectrojet 
was  flowing  at  an  altitude  of  100  km  and  had  an  affective  wavelength  which  exceeded 
tOO  km,  then  Figure  1  suggests  that  the  strength  of  tha  alectrojet  J(  muat  have  been 
4.8  A/km1.  This  olectrojet  current  density  is  within  th#  range  of  valuaa  reported  by 
Kamide  and  Brekke  (11). 

V.  The  Conical  Scanning  Experiment 

A  promising  naw  diagnostic  technique,  fer  studying  lonoapharlc  D  region 
currents,  has  recently  bean  implemented  at  the  HIPAS  facility  (16).  This  technique 
permits  a  local  lied  crosa  section  of  the  ionosphere  to  ba  probed  by  steering  the  HF 
hmmter  beam.  Tha  VLF  aignals  resulting  from  thia  beam  steering  are  monitored  and 

recorded  mt  a  field  mite  on  the  ground  via  a  coherent  detection  scheme.  Thin  be.  a 

stmmrlng  diagnostic  technique  was  successfully  demonstrated  during  a  HIPAS 
Ionospheric  hasting  campaign  which  took  place  in  July  of  1985. 

Scanning  of  the  HIPAS  heater  beam  in  a  conical  fashion  was  investigated  during 
tha  July  1988  campaign.  The  conical  scan  waa  primarily  used  for  diagnostics  cf  tha 
ionospheric  current  system  in  tha  vicinity  of  the  HIPAS  facility.  Under  ideal 
conditions  of  m  uniform  overhead  current,  the  aignature  of  the  VLF  received  on  the 
ground  resulting  from  a  conical  scan  should  exhibit  a  certain  characteristic  shape. 
Any  deviation  from  this  shape  may  Indicate  the  movement  of  m  currant  into  tha  path  of 

tha  conically  acanning  heater  beam.  Since  tha  position  of  the  heater  beam  is  known, 

it  is  possible  to  uaa  the  conical  scanning  technique  to  pinpoint  the  geographic  (or 
geomagnetic)  location  of  the  lnfluxing  current. 

Tha  gaomatry  illustrating  the  conical  scanning  mode  of  operation  la  shown  In 
Figure  6.  The  location  of  the  receiver  aito  is  47  km  due  west  of  the  HIPAS  facility, 

i.m.  d»47  km  and  ^,»270*.  The  coelevation  6  of  the  HIPAS  heater  beam  is  fixed  at  30* 

while  the  azimuth  4  ° f  the  beam  ia  Incremented  18*  every  6  seconds  with  geographic 
east  (♦■90<)  aa  the  starting  point.  Thia  produces  a  conical  scanning  of  the  heater 
beam  which  traces  out  m  circle  in  the  ionosphere  above  HIPAS  once  every  two  minutes. 

An  incremental  volume  of  current  radiating  in  free  apace  waa  adopted  to  model 
the  VLF  ionospheric  source.  The  incremental  current  volume  was  chosen  because  it  can 
be  used  ms  a  basic  unit  to  construct  more  complex  radiating  structures.  The  VLF 
sourem  model  relates  the  magnetic  field  strength  measured  on  the  ground  to  the 
strength  of  the  modulated  horisontal  current  density  at  the  altitude  of  maximum 
beating.  This  elementary  source  model  waa  uaed  in  thi*  analysis  of  conical  scan  data. 

Typical  VLF  magnitude  and  phase  data  obtained  from  a  conical  scan  ia  shown  in 

Figures  7  and  8,  respectively.  These  measurements  were  made  from  0558-0600  local 

time  (1358-1400  UT)  Just  prior  to  an  electrojet  event  on  July  21,  1980.  The 
transition  of  th#  heater  beam  from  a  vertical  position  to  the  acanning  mode  ia 
visible  during  the  first  few  seconds  of  the  conical  acan  data  and  should  be 
disregarded.  The  frequency  of  VLF  signals  generated  during  the  conical  ^canning 
experiment  was  6  kHs. 

The  daahed  curve  appearing  in  Figure  7  represents  the  normalised  field  strength 
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that  would  result  fro*  a  uni  fora  ionospheric  current  flowing  at  an  altltuda  of  70  km. 
Tha  magnitude  data  la  not  exactly  symmetrical  Indicating  that  hoating  by  sldelobea 
aay  product  VLP  radiation  which  Interferes  with  the  radiation  gsnaratad  by  hoating 
f roa  tha  aaln  beam.  Figure  9  la  a  currant  aap  showing  tha  ralativa  intensity  of  tha 
Ionospheric  currants  associated  with  tha  8-W  conical  scan  aagnltuda  data  of  Pigura  7. 
Tha  length  of  each  line  segment  in  tha  current  a*r  is  proportional  to  tha  ratio  of 
tha  aeaaured  conical  acan  data  to  tha  theoretical  valuee  for  a  unifora  current.  It 
tha  length  of  tha  line  eegaant  ie  laea  than  one  unit,  than  the  ionospheric  current  is 
weaker  than  that  predicted  by  the  uni  fora  current  aodel.  And  if  the  length  of  the 
line  eegaant  ia  greater  than  one  unit,  then  the  ionoepheric  current  is  stronger  than 
that  predicted  by  the  unifora  current  aodel.  The  coordinates  used  (or  tha  currant 
aap  are  geoaagnettc. 

Tha  results  presented  above  suggeet  that  conical  scanning  could  be  used  for 
coaaun teat lone  purposes  aa  well  aa  diagnostics.  The  heater  bean  could  be  adaptively 
steered  to  tha  region  of  the  ionosphere  where  the  strongest  current  was  detected  by  a 
conical  acan.  This  procedure  could  be  repeated  periodically  to  account  for  any 
changes  ia  the  location  of  the  eoat  intense  current  brought  about  by  the  dynaalc 
polar  ionosphere. 

figures  10  and  11  show  tha  VLF  sagnltude  and  phase  data  resulting  from  a  conical 
mean  wade  during  0434-0436  local  tine  (  1234-1236  UT)  on  July  21,  1988.  Tha  eagnitude 
data  for  this  conical  acan  reveals  that  the  strongest  current  wes  located  to  the 
geographic  north-west  of  HXPA8.  If  this  were  an  adaptive  conical  acan  the  heater 
baaa  would  subsequently  be  parked  at  a  coelavation  of  30*  and  an  saiauth  of  324*. 

Tha  currant  aap  corresponding  to  tha  K-W  aagnltuda  of  this  conical  scan  is  shown  in 
figure  12. 

VI.  Conclusion 

The  relationship  between  the  VLP  magnetic  field  strength  aeaaured  on  the  ground 
and  tha  intensity  of  an  overhead  electrojet  current  has  been  treated  in  this  paper. 
Tha  currants  that  are  being  modulated  in  the  D  region  aap  down  from  tha  E  region 
where  tha  electrojet  source  currant  flows.  A  finite  difference  acheae  was 
implemented  to  find  a  numerical  solution  to  the  electrojet  sapping  boundary  value 
problem.  This  numerical  mapping  aodel  accommodates  arbitrary  conductivity  profiles. 

The  VLP  source  was  modeled  as  an  incremental  volume  of  current  radiating  in  free 
apace.  This  source  aodel  relates  the  magnetic  field  strength  measured  by  a  ground- 
baaed  receiver  to  the  strength  of  the  modulated  horlsontal  current  density  at  the 
altitude  of  maximum  heating.  The  associated  ambient  (DC)  current  was  then 
determined.  Finally,  using  this  information,  the  strength  of  the  polar  electrojet 
could  bo  estimated.  The  results  of  this  analysis  agreed  favorably  with  values  of 
oleotrojet  current  densities  reported  elsewhere  in  the  literature. 

The  use  of  the  HP  beam  steering  VLP  generation  technique  as  a  diagnostic  tool 
was  introduced.  Results  were  presented  from  beam  steering  experiments  performed 
during  an  electro Jet  event  which  occurred  on  July  21,  1988.  Conical  scanning  data 
was  used  to  infer  ionoepheric  D  region  currents. 
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DISCUSSION 


L.  DUNCAN,  US 

X  think  thia  is  a  vary  interesting  concapt  for  application  both  to  study  of  tha 
electrojet  itsalf  and  to  improvement  of  tha  ELF  generation  technique.  X  vat  a  little 
confused  about  the  approach's  ability  to  detect  and  locate  spatial  variation*  in  tha 
elactrojet  when  in  the  introduction  you  easuaed  assantially  no  spatial  variation  (A- 
>  X00  km) .  • 

AUTHOR'S  REPLY 

It’s  a  different  uao  of  the  ten.  By  spatial  variations  I  meant  movement  of  apetial 
location,  so  if  the  electrojet  had  no  spatial  structure,  i.e.,  was  spatially 
homogeneous,  but  moved  in  location  overhead  you  could  track  that  spatially 
homogeneous  aloctrojet.  If  in  fact  ona  had  a  vary  fine  beam  then  one  rxjuld  also  look 
at  discerning  spatial  structure  in  tho  electrojet,  which  would  be  a  finer  resolution 
kind  of  measurement. 
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SUMMARY 

One  explanation  far  the  generation  o f  HF  sideband*  during  two-frequency  beating  experiments  ia  baaed  on  the 
interaction  between  the  beat  frequency  wave  and  the  HF  waves.  To  tea  this,  aitmiltaneoui  HF  ridaband  and  ULF  measorementa 
have  bees  mads  tuing  the  fieffidei  at  tbe  National  Astronomy  and  Ionosphere  Center  at  Atecibo,  Puerto  Rico.  The  ULF 
■eaaoreBmttSttcfcnlijaeasad  recent  findings  are  discsiad  At  the  cots  of  tbe  ULF  receiving  ayssrai  are  three  mutually 
perpendicular  mijnetancter  termors.  For  moat  studies,  only  tbe  band  0.5-20  Hz  ia  utilized  Although  based  upon  a  Untied  data 
act,  anderfeate  heating  has  yielded  no  signs  of  ULF  production  ia  the  ionosphere.  Ibis  is  not  surprising,  since  tlm  achievable 
field  strecjtiu  during  underdose  besting  are  well  below  dm  predicted  threshold  required  for  beat  frequency  wave  production. 
Proposed  improvements  to  dm  Arecibo  HF  facility,  if  undertaken,  and  the  resulting  increases  in  effective  radiated  power  could 
greatly  improve  dm  chances  of  exciting  this  mods.  Although  HF  swelling  near  the  reflection  bright  can  amplify  dm  fields 
significantly  doing  overdenae  heating,  no  signs  of  ULF  have  been  observed  at  these  times  either.  This  is  possibly  a  result  of 
geometrical  limitations  imposed  by  this  type  of  ionospheric  betting. 


BACKGROUND 

For  dm  past  half  decade  two-frequency  beating  experiments  have  been  conducted  at  the  Arecibo  Observatory,  Puerto 
Rico,  using  dm  bigh-powtr  high-frequency  facility  at  Isloee.  Most  of  the  observations  have  centered  on  the  generation  of  HF 
sidebands^  Shortly  after  they  were  find  observed,  nvo  processes  which  could  account  for  their  production  gritted  attention. 

One  of  these  is  the  phase  modulation  theory3  and  the  other  is  based  on  dm  mixing  of  the  best  frequency  wave3  4-5  with  the  HF 
signals.  It  is  tbe  second  process,  that  involving  ULF  wave  generation  in  dm  ionosphere  and  the  measurement  of  the  ULF  signal 
during  recent  HF  sideband  experiments,  which  is  discussed  here.  Attention  is  focused  on  the  design  of  the  receiver  system  and  its 
capshiliiies  Recent  data  are  discussed  along  with  future  plans. 


SYSTEM  DESIGN  AND  CALIBRATION 

In  the  first  experiment* designed  solely  to  measure  dm  ULF  wave,  strong  ULF  signals  were  observed  at  the  heat 
frequency  and  attributed  to  ionospheric  mixing  of  the  two  HF  signals.  A  few  years  lapsed  before  this  initial  experiment  was 
repealed  in  19£3  in  conjunction  with  the  HF  sideband  studies.  Since  1988,  experimental  campaigns  hove  been  conducted 
annually  and  consist  of  approximately  15-30  hours  of  heater  time  each  year.  All  of  the  HF  sideband  experiments  to  date  which 
have  included  ULF  measurements  have  rsed  a  transportable  ULF  receiving  station  situated  on  Mona  Island.  As  shown  in 
Figure  1,  this  station  ia  located  about  lfO  bn  aocthwea  of  Arecibo  and  ia  accessible  by  boat  or  small  aircraft.  Since  only 
generator  power  is  used  on  the  island  and  there  are  no  major  artificial  sources  of  electrical  noire,  this  rite  is  nearly  ideal  for 
measurements  is  this  lower  band  of  the  frequency  spectrum. 

The  receiver  system  ia  diagramed  in  Figure  2.  At  the  core  of  the  receiving  system  are  three  Electromagnetic 
Inetramantx  Model  BF-4  magnetic  field  sensors  arranged  along  three  mutually  perpendicular  axes  and  buried  to  minimise 
mechanically  introduced  interference.  The  sensors  are  designed  to  cover  the  frequency  band  from  0.1  to  1000  Hz.  Tbe  sensors 
contain  a  preamplifier  which  is  powered  by  a  remotely  located  DC  power  supply.  For  ULF  studies  in  the  band  between  0.5  and 
20  Hz  dm  signals  from  the  sensors  are  pessband  filtered  to  eliminate  components  related  to  our  AC  power  system.  Once 
filtered,  the  rignala  are  ampEfied  and  recottkd  on  magnetic  tape.  Although  HF  sideband  measurements  are  attempted  at  difference 
frequencies  (Le.,  up  to  -2  kHz.  simultaneous  ULF  studies  it  frequencies  above  20  Ha  are  not  typically  done.  In  the  rare 

instances  when  sues  studies  ire  attempted  the  signals  ire  preamplified  as  before,  but  no  further  signal  conditioning  is  performed. 
At  these  higher  frequencies  snalog  recordings  on  tape  are  not  made.  For  all  studies,  real-time  signal  processing  is  accomplished 
nring  an  Hewlett-Packard  Model  3561  Signal  Analyzer  with  80  dB  dynamic  tinge. 

In  dm  pest  we  have  experienced  problems  with  the  linearity  of  dm  sensors  when  subjected  to  multifrequency  HF  fields. 
To  shield  the  season  from  these  fields,  they  are  wrapped  in  a  brass  wire  cloth  and  then  insulated  from  die  ground,  and  any  ground 
currents,  by  being  placed  in  PVC  tubes.  TTm  sensors  sod  the  electronics  associated  with  Che  sensors  are  electrically  isolated  from 
tbe  remaintbr  of  the  receiving  system  by  optical  isolators.  To  ensure  that  the  system  behaves  appropriately,  two  portable  low- 
power  HF  transmitters  are  used  to  calibrate  tbe  ULF  receiver  prior  to  each  experiment.  These  transmitters  are  capable  of 
aim  slating  the  HF  field  strengths  found  on  Mona  Island  from  waves  launched  at  Iriote  and  reflected  by  the  ionosphere. 
Furthermore,  aa  HF  receiver  is  operated  doing  the  experiment  and  the  level  of  the  heater  wave  on  Mona  recorded  Since  tVa* 
procedures  were  act  followed  prior  to  1989  and  the  system  has  been  shown  to  respond  nonlinearily  to  multifrequency  HF  fields 
when  not  configured  is  described,  albeit  only  when  the  HF  field  strengths  are  near  the  high  end  of  those  expected  on  Mona  Island 
daring  overdone  heating,  all  prior  results  based  on  pre  1989  data  should  be  viewed  with  caution. 
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fcXCXNT  FINDINGS 

The  aafegeards  tetptetrenred  to  minimis  HF  cftctj  on  the  ULP  receiver  lyiton  tre  recent  HF  recrivtn  we*  Sra  a tcA 
to  1919  tad  At  loci!  KP  sources  to  1590.  The  finding  from  thcs  and  ether  dita  are  given  neat  and  tre  ecu  eacocre^ag.  Dta 
accumulated  from  1918-90  during  periods  of  undc-itae  hearing  have  shown  no  liens  of  ULF  wave  generation.  The*  dta  were 
tafcen  to  she  morning  and  evtui-g  around  the  rime  of  sunrise  and  turret  and  cecr-rfse  only  about  4  boon  of  time  during  which 
toe  HF  tytaem  operatitd  u  fall  cspnciry,  Le.,  four  trantmittori  at  100  kW  erch.  Ti«  fact  dial  ULF  wit  not  (tested  a  toe*  tone* 
it  periapt  not  asrpristog  as  typical  field  strengtia  to  the  Ionosphere  without  invoking  fanning  tostabiliriei  Is  <0J  VM-  The 
theoretical  field  strength’  required  for  best  wave  excitation  to  the  F  rcglca  la  esrimated  at  -5  V/tn,  or  roughly  an  order  of 
■egelrnrir  greater  than  toe  field  strength  echievxble  with  the  Aredfco  system  to  an  underdente  Ionosphere  free  from  foesaieg 
toettbilidee.  Perhaps  oa  rare  occasions  when  field  amplification  occurs  due  to  wave  focusing  tnd  the  proper  ponded 
r»«w««v— r  are  satisfied  would  the  Areclbo  tyrotm  under  iu  current  configuration  yield  an  ionosphericdly  produced  ULF  wave  to 
aa  —ini  imr  1 onatphnre.  to  this  regard,  proponed  improvements  el  the  Aredbo  HF  facility,  if  Implemented,  and  toe  assorizred 
to  effective  ratSaad  power  will  be  besefictol  to  this  and  similar  programs  designed  to  determine  threshold  and  aeration 
thatecscrlstici  n f  HF  induced  phenomena.  To  tubstcndiTy  tocrecse  the  probability  of  exciting  the  brat  frequency  true  ends, 
such  totprotrensana  so  she  heating  facility  should  tochsde  a  minimum  6-10  dB  increase  to  the  effective  radiated  power. 


The  rtasetisa  to  tffjhtly  bettor  to  an  oveedenee  Ionosphere  netr  the  reflecriqh  level  where  swelling  of  the  HF  were 
cassra  elgnlftesst  teereaers  to  the  field  ttreagth  (1-3  V/m).  If  she  geometry  is  also  satisfactory,  which  may  not  be  toe  a*  tor  a 
vertically  fccideat  warn,  then  best  fttnquency  effecti  to  the  fena  of  ULF  wove  production  could  potentially  occur  during  tiaca 
whee  field  scree  pahs  Inert  lie  beyond  those  normclly  encountered  Abcvt  24  hours  of  data  has  been  collected  during  ovutia* 
periods.  The  heittog  was  conducted  at  (tight  tod  at  frequencies  of  3  and  5  MHa  with  difference  frequencies  between  0.1  end 
37  Hr.  The  outcome  of  this  study  Is  she  same  ss  for  the  enderdenre  case,  that  la,  no  ULF  was  observed  Geometrical  Knmrinna 
■ay  be  in  pan  responsible  for  this. 
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k.  msn-SKrra,  ca 

toe  uy  that  no  UL?  signals  were  ebaarved  ovar  tha  past  two  experiment  periods. 
Bovavar,  it  la  posalbla  that  UL?  signals  vara  generated  and  that  thay  vara  juft  too 
vaak  to  b«  detected  by  your  Instrumentation.  V at  your  measurement  eyatea  caiibratad? 
Can  you  say  vhat  tha  nolsa  amplitudes  vara  In  your  band  of  operation  vhan  y<»  vara 
unabla  to  datact  UL r  signals?  In  othar  vords,  hov  small  must  tha  VLT  signals  havs 
bean  for  you  not  to  b#  abla  to  detact  them? 

umrai'i  Hetty 

tha  measurement  system  la  calibrated  prior  to  each  experimental  campaign  (under  tha 
assumption  that  tha  sanaora  are  up  to  spocif icationa,  sinca  they  are  not  calibrated 
with  tha  rest  of  tha  system).  Concerning  tha  second  question,  va  have  all  tha 
information  required  to  determine  tha  nolso  amplitude.  However,  I  cannot  provide  tha 
value  at  this  time,  sinca  It  baa  not  as  of  yet  been  determined.  One  additional 
point)  tha  receiving  system  doee  not  provide  tha  limiting  noise;  therefore,  if  tha 
excited  OLP  modes  ara  at  a  strongth  greater  than  ambient,  va  vould  detect  them. 
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Va  have  developed  a  compute*  Modelling  capability  for  predicting  tha  affaeta  of  localltad 
a lac cron  danalty  perturbations  eraatad  by  Ionospheric  chtaieal  ralaaaaa  upon  oblique,  ona -hop  HP 
propagation  pa  tha.  Va  ha-,  a  Included  a  3-D  data  rain  la  tic  description  of  tha  dap  la  tad  or  enhanced 
ionization,  Including  formation,  evolution,  and  drlfe.  Tha  coda  uaaa  a  homing  ray  traca  technique  to 
calculate  tha  energy  propagation  path*  through  tha  modified  Ionosphere  and  hence  can  pradlct  multipath 
affaeta.  Wa  participated  in  tha  MAeA  nickel  Carbonyl  Kalaaaa  Experiment  (NICARR)  lonoapharlc  chemical 
deplatlon  campaign  in  October  of  19*9  to  walldatt  this  coda.  Va  will  praaant  preliminary  raaulta  of 
this  axparlmant  hare. 


lATTIACmO  PROGRAM 

Our  TRACKER  computer  program  "tracks"  tha  three-dimensional  paths  of  radio  waves  through  modal 
lonoapharaa  by  nuMrically  integrating  Hamilton's  aquations.  Tha  Hamiltonian  method,  by  using 
continuous  models,  avoids  falaa  caustics  and  discontinuous  raypath  propartlai  often  encountered  In 
conventional  raytracing  methods.  In  addition  to  computing  tha  ray  path,  TRACKER  also  calculate!  group 
path,  phase  path,  geometrical  path,  and  Doppler  shift  (if  tha  time  variation  of  tha  ionosphere  la 
explicitly  included).  This  program  la  an  extension  of  the  three- dimensional  Hanlltonian  integration 
[  coda  developed  in  the  lata  1960a  by  t.  Michael  Jones  and  J.M.  Stevenson,  commonly  referred  to  as  tha 

Jones  code.  Va  have  substituted  a  modern  linear  differential  equation  solving  routine  (Hlndaarah, 

*  19*0)  for  the  Runge-Kutta  solver  In  the  Jonea  coda.  TRACKER  calculates  gradients  In  the  index  of 

j  refraction  explicitly,  thus  allowing  for  non-analytic  ionospheric  forma  and  perturbations. 

j  Ray  tracing  codas  cannot  In  general  compute  the  raypath  that  eotmscts  a  specified  source  and 

!  receiver.  ‘Homing*  is  usually  achieved  by  launching  a  fan  of  rays  at  small  aximvth  and  elevation 

j  Increments ,  and  linearly  interpolating  to  find  a  ray  that  reechos  tha  receiver  location.  Since  we  need 

j.  to  find  raypaths  that  arrive  at  the  receiver  within  a  fraction  of  a  wavelength,  TRACKER  includes  a 

formalism  to  treat  this  homing  proolem  as  a  differential  aquation.  In  this  case  tha  ona  dimensional 
!  zero  crossings  of  the  riyf ana  are  calculated  (azimuth  and  elevation  ore  treated  independently).  These 

are  solved  sequentially  and  Iterated  until  a  homed  ray  of  the  require  accuracy  is  found. 

i  Tha  outputs  of  the  TRACKER  raytracing  program  art  tailored  to  the  study  of  propagation  through 

Ionospheric  perturbed  one.  figure  1  shows  three  rays,  directed  into  a  pair  of  chomlccl  releases,  with 
|  the  ionospheric  plasma  density  contours  sbowu.  Tha  depletions  era  evident,  as  era  the  affects  on 

propagation.  These  effects  can  in  general  be  described  as  those  of  a  focusing  Ians,  figures  2  shows 
tha  Multiplicity  of  paths  that  can  be  formed  by  a  pair  of  chemical  releases.  Two  of  tha  five  paths  are 
disturbed  low  and  high  rays,  and  tha  other  three  are  new  nodes  generated  by  the  focusing  affects  of  the 
t  depletions.  The  time  delays  and  signal  strengths  from  each  mode  can  bo  added  to  provide  an  estimate  of 

l  multipath  fading. 


KZCASX  KXPCRXXm  AID  PIELIXXRAIT  RESULT* 

To  validate  our  modal,  we  participated  in  the  RASA  I1CARS  campaign.  This  campaign  consisted  of 
two  300  km  altitude  chemical  releases  from  a  single  rocket  launched  at  Vellope  Island,  Virginia  on  tha 
night  of  October  23,  19*9.  The  chemicals  were  nickel  carbonyl  (8i(C0>4)  and  trlfluoromathyl  bromide 
(CFjBr).  Doth  chemicals  rsduce  electron  density  by  dissociative  attachment  (Bernhardt,  198*). 

(Air  experimental  sites  eons  is  tad  of  KF  transmitters  In  Florida  and  Bermuda  and  RF  receivers  In 
Ohio  and  Hove  Scotia  (Figure  3).  Those  locations  wore  selected  to  place  tho  mid  point  of  the  HF 
propagation  path  near  the  ionospheric  depletions.  The  receiving  stations  were  instrumented  to  measure 
changes  in  tha  propagation  channel  as  tho  Ionospheric  depletions  developed,  Tha  transmitters  and 
receivers  were  locked  to  Rubidium  clocks  to  give  very  high  frequency  stability.  Each  transmitter  site 
broadcast  four  ev  frequencies  simultaneously,  with  frequency  separations  ranging  from  10  to  70  kHz. 

The  receiver  sites  cons  is  tod  of  spaced  arrays  with  antenna  separations  ranging  from  50  to  750  a.  Tha 
received  signals  wore  reduced  to  o  boat  frequency  of  10  Hz,  and  digitized  at  a  rata  of  100  Hz  for  later 
analysis. 

In  addition  to  tho  HF  bistatic  links,  we  had  supporting  diagnostics.  Including  optical  a  its  a  at 
Duck,  Horth  Carolina,  and  Vallops  Island,  Virginia,  a  digital  lonosonda  at  Vallops  Island,  and  the 
Millstone  Bill  incoherent  scatter  radar.  Thera  wars  also  in  alto  plasma  diagnostics  on  tha  daughter 
payload  that  paaamd  through  the  ralaaaaa  a  few  seconds  (and  kilometers)  behind  the  release  payload. 
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The  first  (nickel  carbonyl)  cants  tar  rtliutd  Its  content*  slowly,  Instead  of  in  a  burst  as 
intended,  so  It  did  not  produce  the  planned  depletion,  la  situ  measurements  showed  strong  local 
depletion  affects  from  both  releases,  and  the  Wallops  Island  looosonde  showed  s  new  reflection 
following  the  CFjBr  release  froa  the  second  canister.  Indicating  that  aajor  ionospheric  changes  had 
occurred.  Data  froa  aany  of  the  dlagnoatlca  are  still  being  analyzed. 

Treating  our  NT  receiver  arrays  as  radio  tel* scopes  and  using  Doppler  filtering,  we  have  been 
able  to  construct  a  fairly  coaplete  picture  ef  the  CTjir  created  depletion.  In  general ,  the  ralaaaa 
behaved  aa  expected  in  that  It  appeared  aa  a  large  focussing  Ians  to  our  probe  radio  waves.  As  the 
depletion  grew  and  filled  In,  it  created  new  propagation  nodes  on  the  Florida  to  Wove  Scotia  path, 
which  intarfarad  with  signals  following  the  original  path  and  generated  strong  fadings.  By  using  the 
spaced  antennae  at  the  receiver  site  we  have  been  able  to  specify  the  arrival  direction  of  thu  new 
signals ,  and  In  ell  cases  they  closely  notched  the  node l  predictions. 


BOFTXX1  I FIfTIA  0*  FUKXDA'VOTA  fCOTU  HU 

Ve  analyze  our  ev  algnala  by  examining  the  tine  behavior  of  the  Dozier  power  spectra.  Tina 
variations  in  the  ionosphere  result  In  email  Doppler  shifts  ef  c*  transmissions  that  depend  on  the 
onset  ray  path,  negative  Doppler  shifts  correspond  to  Increasing  phase  path.  ttultlpath  often  appears 
aa  multiple  peaks  1j  the  power  spectra  with  different  Doppler  shifts  for  each  component.  The  time 
variation  of  the  centroid  of  the  peak  reveals  the  tecpersl  evolution  of  the  Ionosphere  along  that 
particular  ray.  Moreowar,  weak  modes  may  become  apparent  because  they  are  Doppler  shifted  sway  from 
the  more  dominant  modea.  Our  method  of  calculating  the  evolution  of  the  Doppler  power  spectre  le  based 
an  the  short* term  Fourier  transform.  Ve  divide  the  total  time  series  Into  sub- Intervals  (10*40  s)  over 
which  the  spectra  appear  stable,  and  calculate  the  spec trux  during  that  sub* interval.  The  length  of 
the  edb* Interval  is  adjusted  to  give  adequate  frequency  resolution  without  smearing  producer,  by  changes 
during  the  sub* interval.  The  sub -window  la  Chan  advanced  some  fraction  of  Its  length  and  a  new  power 
spcctna  calculated.  The  results  may  be  visualized  aa  a  three  dimensional  grey  ecsle  plot  which 
displays  power  aa  a  function  of  frequency  and  time. 

In  this  paper,  we  will  only  oxanlaa  the  data  eat  for  the  Florida  to  Vova  Scotia  path  beginning  at 
1:43:02  UT  and  extended  to  2:32  UT.  The  second  ralaaae  occurred  at  2:04:13,  giving  us  approximately  26 
minutes  of  data  following  release  #2.  A  disturbance  corresponding  to  a  weak  node  with  a  relative  high 
chirped  negative  Doppler  was  observed  almost  immediately  after  the  second  release.  This  la  lllus traced 
In  Figure  4,  which  displays  the  Doppler  spectrum  versus  time  after  the  rocket  launch  (1:38:00  UT).  We 
need  a  40  a  evb- interval  to  calculate  the  spectrum  every  6  a.  The  first  mode  associated  with  ralaaaa 
#2  decrees**  in  Doppler  with  time  and  it  appears  to  cross  the  Doppler  track  of  Che  preexisting  modes  at 
about  600  a,  finally  stabilizing  at  a  Doppler  of  about  0.1  Bz.  The  spectral  peak  for  this  mode  la 
broad,  indicating  chat  it  le  made  up  of  at  least  two  paths  with  slightly  differing  Doppler  shifts. 

The  behavior  of  the  spectra  In  Figure  4  indicates  that  release  #2  produced  new  and  relatively 
stable  ray  paths  for  at  leest  20  minutes.  We  note  that  there  is  a  significant  inersas*  in  signal 
strength  after  600  a  <m  the  mode  at  about  -0.2  Hz  Doppler.  A  more  detailed  picture  of  the  spectra 


•OjjaJui  44.0  4i0  34  0  30.0  24.0  18.0 


Power  (dB) 


•-V-SrXr. 

• : 

* 


J  ‘43U  . 


I  600.0 

F 


•v  "r  v 

*»•  * 


).<  •  •'  -  ;> . 

'  6.*V'  ~- 

.•  •  .  -jr.  c»  *  .  '  ■-  . 

0  V"' 

•  IV 

0  •-  > ><". 

°\  >*. 

•*'  W**-- 

.  <-r>  . 

-  .  ' 

,0'  -  -V--vV>  .  •  ■ 

*  •  -  - 

O’ 

,0*  . '.:  r  :  .  •■ 

/••••" 

..  «k»-  L  .  ■  .  *  > 

1  -t-  --.r-  . .  . .  I 

-2.0  -1.6  -1.2  -0.8  -0.4  0.0  0  4  0.8 

Frequency  (Hz) 

STANLEY/1 :43  13.60MHZ  CH0$ 


Grey  scale  plot  of  the  florid*  to  Mot*  Scocl*  due*  plotted  c«  Doppler  shift  **  «  function 
•f  tins,  with  0  tin*  being  the  tin*  of  rocket  launch.  Ths  60  db  grey  seals  is  shorn  «t  the 
top.  Ths  ds  (stirs  Doppler  excursions  st  shout  400  s  result  fros  the  second  re  less*. 


he tree n  0  sad  1500  s  after  launch  Is  shorn  In  figure  5,  where  the  spectra  were  calculated  every  3  s 
using  s  40  s  window.  There  Is  s  cleir  transition  In  ths  width  of  the  spectra  before  and  after  the 
rule ass;  ths  width  befora  the  release  le  approximately  0.1  Hr  while  afterwards  it  Is  0.3  Hr.  0s  would 
expect  te  observe  this  efface  as  an  increase  in  the  fading  rate  after  the  release. 

During  the  period  befora  the  launch,  two  peaks  in  the  Doppler  spectra  with  a  separation  of  about 
0.1  Be  indicate  the  presence  of  two  nodes,  which  we  ascribe  to  low  end  high  ray*.  We  note  that  the 
Crsasaleslon  frequency  wee  too  high  to  support  two -hop  propagation,  and  It  la  also  unlikely  that  two- 
hep  sporadic  X  propagation  would  have  been  possible.  Ho  sporadic  l  was  cbr*rved  st  this  ties  psrlod  on 
Che  ienograns  recorded  at  Wallops  Island.  The  broad  noise  In  the  spectra  at  the  10  to  20  dB  level 
surrounding  the  peaks  le  highly  correlated  between  receivers  and  is  likely  to  be  produced  by  phase 
Jitter  on  the  tubldiia  frequency  t  mnderde  [Jacobson,  1990). 
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Figure  5.  S«m  daU  at  Figure  4  with  slightly  different  processing,  and  expended  Doppler  sad  Ciai 
scales. 


ASCII  OF  AU2M  OS  FUStlBA-VOTA  tCOTIA  FATS 

Tbs  alasanu  st  Mch  receiver  station  efeiefc  shared  s  cnaaon  frequency  vers  phase  coherent  and 
therefor*  could  be  used  as  a  synthesised  radio  telescope  to  data  rains  angle  of  arrival,  lbs  Vova 
Scotia  array  (Figure  4)  consisted  of  ala  elements  with  a  Maxima  aperture  of  744  a  in  the  transverse 
direction  end  36)  a  In  the  longitudinal  direction.  Since  the  noalnsl  elevation  angle  for  the  Stanley 
receiver  was  about  9*.  the  effective  Meridional  aperture  vas  approximately  60  a.  Because  chare  was 
only  one  elw.nt  off  the  transverse  axis,  the  angle  of  arrival  sstlaatas  arc  subject  to  aliasing 
(different  elevation  angles  giving  ease  phase) . 

Angle  of  arrival  aeasurtawnts  obtained  fro*  the  receiver  array  in  Vova  Scotia  clearly  indicate 
the  production  of  axlnuthal  aultlpeth  following  the  second  release.  The  signals  fro*  the  various  i 

receivers  have  unknown  ptwae  shifts  due  to  circuit  and  cable  length  differences;  ve  therefore  cannot  j 

data reins  absolute  direction  of  arrival.  However,  when  phase  shifts  era  constant  for  the  duration  a  i 

data  set,  we  can  determine  relative  angle  of  arrival.  He  select  a  ties  period  during  which  the  spectra 
ere  quiet  and  assume  that  the  elevation  angle  is  that  given  by  ray  tracing  through  a  nodal  ionosphere  * 

corrected  using  the  Vail  ops  Island  ionogr«me.  froo  the  Measured  phase  differences  during  this  ties 
period,  we  can  find  the  relative  phase  changes  needed  to  align  the  brightness  to  the  uoMlnal  direction 
of  arrival.  Be  then  correct  the  whole  data  net  using  these  phase  corrections,  and  our  calculated  ! 

directions  of  arrival  will  then  be  relative  to  this  aoulnal  ray.  j 


o  f 

I  To  Florida 


40-6 


o  o 


o 


o 


•25C  m' 


Figure  • .  Schematic  layout  of  tha  Stanley,  Soy*  Scotia  spaced  receiver  array. 


For  the  Florlda-Bova  Scotia  path  wo  assize*  that  the  elevation  angle  of  tha  nominal  ray  Is  9*. 

Bay  tracing  lndlcatas  that  tha  ncainal  ray  would  arrlv*  from  slightly  wsst  of  tha  great  circle  path  due 
ro  Ionospheric  tilts.  Va  selected  a  els*  period  frea  100  to  200  a  after  launch,  whan  tha  spacer* 
showad  only  one  major  peak,  to  datertlna  the  phase  corroctlon.  Tha  brightness  during  that  else  period 
la  shown  In  Figure  7;  the  peak  In  the  lower  canter,  juat  above  the  horizon,  represents  the  jay;  the 
duplicate  peak  at  aln(eta)  •  0.925  la  a  grating  pattern  (usually  called  allaalng  In  else  aeries  date) 
ce»ued  by  under  sampling  In  the  longitudinal  direction.  This  could  have  presented  an  Identification 
problem  since  this  phantom  peak  cannot  be  distinguished  from  the  real  peak,  but  It  la  unlikely  that 
rays  would  arrive  with  such  a  high  elevation  angle  for  the  condition*  during  this  experiment 
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Figure  7.  Brightness  plot  of  the  Stanley  array  date.  1*1  la  th.  ai imurh  angle,  with  0*  directed 

toward  tha  transmitter  In  Florida,  and  ate  la  the  zenith  angle.  The  brightness  peek  Ip  the 
lower  center  la  the  undisturbed  ray,  end  the  peak  above  it  is  a  result  of  aliasing  due  to 
Insufficient  anceniui  coverage  In  the  elevation  axis. 
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Ve  eemot  obtain  an  accurate  direction  of  arrlvsl  for  the  weak  disturbance  occurring  Immediately 
aftar  tha  eacond  ralaaaa.  However,  onca  tha  power  In  tha  negative  Doppler  peek  incraaeaa  we  can 
Identify  a  direction  dletinctly  to  tha  aaat  of  tha  noalnal  path  and  at  about  tha  same  alavatlon  angle 
(Figure  I).  This  direction  vae  obtained  between  390  end  420  •  aftar  launch  at  Doppler  shifts  between 
-0  *  and  -0.6  Hz.  Tha  peak  near  0  Hz  showed  no  significant  change  during  that  tiaa.  The  direction  of 
arrival  of  the  new  node  remained  displaced  to  tha  east  and  at  somewhat  lower  elevation  angle  compared 
to  tha  nominal  direction  for  several  mlnutas.  Thus  tha  second  release  Immediately  formed  a  weak, 
rapidly  varying  path,  with  tha  negative  Doppler  ehlft  Indicating  that  tha  phaea  path  was  increasing. 
This  new  mode  gradually  decreased  in  Doppler  shift  while  increasing  In  strangth  to  fora  a  relatively 
stable  path  arriving  from  tha  aaat  of  tha  nominal  path.  During  approxlnataly  tha  first  175  a  following 
tha  ralaaaa  tha  nominal  path  remained  undisturbed,  indicating  that  tha  ralaaaa  was  in  between  tha  two 
ray  paths  and  had  a  diameter  of  lees  than  40  fas  up  to  at  least  175  s  aftar  release. 
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figure  8.  negative  Doppler  peak  with  dir'  tion  of  arrival  to  tha  east  of  tha  nominal  path  and  at 

about  tha  same  alavatlon  angle.  This  direction  was  obtained  between  390  and  420  a  after 
launch  at  Doppler  shifts  between  -0.8  and  -0.6  Hz. 


During  the  period  from  550  to  650  a,  tha  Doppler  shifts  of  tha  two  modes  overlap  so  that 
filtering  is  impossible.  The  most  likely  Interpretation  of  Figure  5  la  that  tha  modes  cross  during 
this  time  period,  end  this  interpretation  la  consistent  with  the  direction  of  arrival  of  the  mode  near 
0  Hz  Doppler  between  750  and  800a.  which  is  displaced  towards  tha  east  (Figure  9).  The  mode  et  el  -ait 
-0.1  Hz  Doppler  is  displaced  to  the  west  (Figure  10)  during  that  time  period;  100  a  earlier  tha  same 
mode  was  displaced  a  somewhat  lesser  amount  to  tha  west  (Figure  11).  Apparently,  by  750  a  tha  new  mode 
hed  stabilized  in  phase  path  so  that  tha  Doppler  had  decreased  to  almost  0  Hz,  but  the  direction  of 
arrival  remained  displaced  to  tha  aaat.  Sometime  after  550  s  tha  original  mode  started  being  displaced 
to  the  west;  the  negative  Doppler  Indicates  a  growing  phase  path  cons  latent  with  such  a  displacement. 
Indeed,  at  750  a  there  Is  a  third  mode  displaced  towards  tha  east  with  a  somewhat  higher  alavatlon 
angle  than  the  other  (Figure  12). 

Between  750  and  1500  a  the  spectra  ere  highly  structured  but  consistently  show  modes  displaced  to 
the  east  a  well  as  a  mode  that  moves  increasingly  to  tha  vest  with  time.  Apparently  tha  eastward  side 
ef  the  depletion  remained  relatively  stable  while  tha  westward  side,  after  reaching  tha  nominal  path  at 
about  550  a,  continued  to  expand  to  the  west  for  tha  duration  of  the  data  sat.  During  tha  period  fiom 
1000  to  1500  s,  tha  Increasing  displacement  moved  to  the  west  with  the  speed  of  approximately  40  m/» 
transverse  to  the  path.  Tha  directions  of  arrival  of  tha  moat  positive  Doppler  mode  during  tha  aasm 
period  remain  d  displaced  to  the  east  with  a  relatively  low  elevation  angle. 
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uscouzoa  os  jovcujiiow 

The  first  RICaU  ctmbIcaI  releeae  did  net  product  a  vide  tpteed  Lcmotpherle  depletion  due  to 
failure  of  the  canister  release  aachenisv.  The  second  release  produced  a  significant  Ionospheric 
modification  that  Issted  for  at  least  1200  a,  and  vss  seen  by  our  HF  diagnostic  paths  as  veil  as  the 
Vellops  Island  l one sends.  Us  have  been  able  to  construct  a  fairly  complete  picture  of  this  depletion. 
In  general,  Ota  release  behaved  as  expected,  In  that  It  appeared  ae  a  large  focussing  lane  to  our  probe 
radlu  versa.  This  Ians  crested  at  least  eoe  additional  Hf  path. chat  passed  around  the  seat  aide  of  the 
depletion  while  the  original  path  remained  on  the  vest  side  but  vss  deflected  by  the  expanding 
depletion.  This  experiment  also  dovonstrstad  that  our  TRACY/P  coda  can  successfully  model  Ionospheric 
chemical  depletions,  aa  vail  aa  HF  propagation  through  them. 
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DISCUSSION 


6.  TACCOPTT,  IT 

Generally  speaking,  the  artificial  lonlxation  (datarminlatic)  you  introduce  in  tha 
natural  medium  (stochastic) ,  should  intentionally  produce  an  improvement  Id  tha 
performances  of  a  ralavant  transmission  channal. 

ADTBOR'5  R2FLY 

Only  under  vary  special  condition  a  mould  a  chemical  depletion  guarantee  an 
improvement  in  a  transmission  channel.  In  general,  the  multiple  modes  excited  will 
create  fading  and  decrease  the  performance  of  the  channel. 

ARMSTRONG,  US 

The  modeling  of  ray  paths  suggests  dominant  rays  from  the  edge  of  the  depletion.  Can 
this  result  be  used  to  infer  the  ray  path  convergence  in  other  locations  and  hence, 
the  "lensing*  efficiency  of  the  depletion? 

AUTHOR'S  REPLY 

19m  ray  paths  are  selected  by  the  model,  and  hence  are  very  model  dependent.  The 
rays  mill  meet  very  stringent  conditions,  including  background  modeled  ionosphere, 
magnetic  field,  and  modeled  disturbance.  This  leads  to  the  finite  number  of  rays, 
whereas  In  the  real  case  many  more  rays  mill  find  the  right  conditions.  The  model 
could  be  sat  to  run  a  simple  qeometry  to  confirm  "lensing" .  Our  data,  however,  shove 
only  a  few  rays  that  are  Doppler  separated. 
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ROUWD  TABLE  DISCUSSION 


L.  DCWCAW  (C3) I  Radio  science  and  ionospheric  affects  have  traditionally  been  affiliated 
with  military  applications  for  cany,  many  years,  Including  telecommunications,  radars,  and 
other  tor*#  of  react®  sensing,  although  those  applications  have  not  always  been  anticipated. 
In  ths  spirit  of  the  ccaments  which  Prof.  Cordon  gave  in  the  opening  session,  it  behooves 
us  to  recognise  th*t  we  live  in  a  world  where  political  changoa  and  associated  changes  in 
military  posturs  and  missions  are  evolving  much  faster  than  anyone  could  have  anticipated 
even  just  a  few  years  ago,  «*nd  that  it  *  e  Inevitable  that  those  changes  will  have  seme 
influence  on  military  applications  for  RF  and  other  fora*  of  ionospheric  modification.  He 
should  begin  to  think  about  how  those  cn-nges  might  affoct  what  we’re  doing.  With  respect 
to  Ionospheric  physics  changes  (our  future  that  we  c/in  look  forward  to)  and  new 
opportunities  th.it  are  ccming  up  in  the  next  few  years  that  we're  aware  of,  I  think  we 
mhould  recognise  that  thia  meeting  is  in  some  sens#  a  transition,  from  ionospheric 
modification  being  a  multidisciplinary  science  to  one  which  is  becoming  more 
interdisciplinary.  Although  that  sounds  lik#  semantics,  ve  have  had  In  thia  rcca  all  week 
presentations,  not  only  frea  the  •fcoators*,  (the  RP  ionospheric  modification  people),  but 
also  froa  the  chemical  release  comrunity,  the  wave  injection  (particularly  VLF)  ccrcunity, 
and  even  the  beam  injection  people  represented  prinarlly  in  the  talk  of  Dr.  Banks.  So  we're 
meeing  that  the  community  in  a  sense  is  coming  together  s  little,  including  both  the  physics 
and  chemistry  of  NF  heating,  other  RF  heating,  tho  microwave  work  of  artificial  ionisation, 
beams,  chemicals,  and  wavs  injections. 

All  of  this  Is  at  a  time  when  there  are  new  facilities  becoming  available  within  the  next 
decade.  In  thi  HF  world,  we're  eeeing  possible  upgrades  to  Arccibo,  definite  upgrades  to 
be  ccepletcd  very  soon  at  EISCAT,  and  a  transition  of  tho  CICCAT  heating  facility  into  the 
more  general  1I5CAT  cosaunity*  the  opportunity  that  was  never  there  before  to  make  uce  of 
facilities  in  the  Soviet  Onion  to  extend  both  the  power  and  tho  frequency  range  in  which 
sore  of  thocQ  experiments  car  be  conducted;  new  facilities  being  talked  about  in  Alaska  in 
the  next  fev  years;  use  of  nondodicated  facilities  like  the  Voles  of  America  transmitting 
mite;  and  even  further  down  the  road,  perhaps  the  poseiblllty  of  microwave  breakdown 
experiments  using  Arecibo  or  a  mors  dedicated  facility. 

In  the  chemical  release  world,  there  are  many  new  opportunities  ccaing.  One  that  has  been 
mentioned  several  tiecs  during  this  symposium  are  the  CRRES  releases  which  will  be  both  from 
mounding  rockets  and  satellites  this  coming  summer.  Others  include  a  new  rocket  range  being 
built  in  Puerto  Rico  in  conjunction  with  the  Arecibo  observatory,  and  tho  opportunity  for 
satellite  experiments,  not  only  for  chemical  releases,  but  using  space  platforms  for  beam 
injections  and  wave  injections.  I  hope  members  of  those  communities  will  present  their 
futurs  plans  in  mors  detail  than  this  quick  summary  has. 

In  nonlinear  physics,  speaking  mainly  to  ths  high  power  R7  community,  one  of  ths  very  hot 
topics  in  tho  coming  years  will  be  to  address  the  Issues  associated  in  the  debate  of  what's 
really  happening.  Is  it  weak  turbulence,  or  ere  most  of  the  phenomena  ve  are  seeing  a 
result  of  strong  laminar  turbulence?  Tremendous  theoretical  gain#  over  the  last  several 
years  heve  now  challenged  the  experimentalists  to  go  out  and  prove  what's  actually 
happening.  I  look  for  rapid  advances  in  that  area,  end  full  well  believe  that  once  the  dust 
has  settled,  we'll  tf  vd  that  there  ere  no  winners  or  losers,  but  that  weak  and  strong 
laminar  turbulence  ar«  contributing  in  different  regimes  to  the  variety  of  phenomena  we  see. 
Similarly,  nonlinear  plasma  physics  questions  are  going  to  need  to  be  addressed  in 
experiments  liks  AIM.  This  artificial  ionisation  cloud,  wore  we  evsr  to  produce  it  in  the 
atmosphere,  clearly  could  have  a  number  of  instabilities  that  ve  haven't  anticipated. 

And  finally,  it  was  a  pleasure  to  hear  us  discuss  at  this  meeting  some  of  tho  environmental 
questions  which  ars  coming  up,  questions  that  we  haven't  asked  ourselves  very  often  in  ths 
past*  We're  becoming  more  aware  of  putting  significant  amounts  of  power  up  into  the 
atmosphere,  that  we  hava  in  the  past  waved  our  hands  and  said  that  If  everything  seems  to 
recover  within  some  often  undefined  time  scale  after  we  turn  it  off,  it  must  be  okay.  But 
ve  are  beginning  to  get  to  critical  regimes,  both  in  terms  of  ionospheric  modification  by 
high  power  radio  waves  and  the  ability  to  deposit  large  amounts  of  chemicals.  If  P. 
Bernhardt  vers  berm,  he  would  tell  you,  so  in  his  absence  I  will,  that  he  has  gone  through 
an  extraordinary  list  of  exotic  chemicals  that  might  be  deposited,  and  environmental 
concerns  are  important  there.  Again,  I  would  like  to  hear  from  the  beam  and  wave  injection 
conmunitles  —  their  thoughts  on  the  matter.  But  it's  a  pleasure  to  hear  that  we're 
beginning  to  ask  the  right  questions  about  the  environmental  consequences,  both  EM 7  and  true 
•tmospheric  environmental  effects,  of  our  experiments.  And  so  with  those  opening  remarks 
Z  would  like  to  open  ths  floor  to  comments  from  the  audience  as  to  where  they  think  the 
physics  of  ionospheric  modification  la  going  in  the  coming  years. 

&•  M3HBOM  (US)  i  I  would  like  to  respond  and  make  a  few  comments  pertaining  to  wave 
injection  from  space  vehicles.  As  was  mentioned  after  P.  Banks'  talk,  there  are  still  plans 
to  do  a  WISP  (Waves  In  Space  Plasmas)  experiment.  The  portion  that  is  being  planned  is  ths 
high  frequency  portion.  This  is  really  designed  as  an  experiment  to  study  certain  plasma 
physics  and  geophysics  problems  in  space  on  a  short  time  scale  where  ve  are  looking  for 
specific  solutions  to  specific  questions.  What  really  seems  to  be  needed  in  addition  to 
this,  in  the  long  range,  is  something  that's  in  a  monitoring  nature.  Dr.  Albrecht,  toward 
the  end  of  his  talk,  made  several  points:  the  number  one  requirement  is  to  monitor  the  state 
of  the  ionosphere,  to  know  what  it's  like,  what  conditions  can  we  expect  for  propagation, 
and  if  modification  is  necessary,  ve  usually  have  to  start  froa  that  point,  and  can  know 
how  to  modify  it.  Wow  this  problem  of  monitoring  often  comes  up  in  meetings  I  attend.  In 
fact  I  think  it  was  the  ACARD  meeting  in  Munich  where  the  topic  of  geophysical  monitoring 
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and  the  need  for  such  monitoring  to  knew  thm  stmt*  ef  mffalrs  vis  discussed.  It's  always 
bard,  at  laast  from  ay  experience  through  tha  NASA  and,  to  try  to  gat  any  program  approved 
that  haa  anything  to  do  with  monitoring,  because  usually  things  arm  geared  toward  specific 
physics  —  you  have  to  go  out  and  aolva  a  specific  problem.  I  think  that  thara  la  a  need 
for  something  like  tha  topsida  sounder  program  that  we  had  in  tha  Alouette/ISIS  days,  to 
monitor  tha  Ionosphere  on  a  global  nature.  Ironically,  tha  great  aucceas  of  tha 
Alouatta/ISTS  program  —  I  think  thara  ara  over  58  aatallita-yaaro  of  ecundar  data  available 
—  haa  almost  bean  a  kiss  of  daath  for  trying  to  get  something  like  that  approved  in  tha 
future,  when  one  talks  about  any  program  in  tha  future  to  do  mora  ionospheric  modeling, 
the  question  Is,  'Well  you  know  you  have  so  many  millions  and  billions  of  ion  eg  rasa,  why 
do  you  need  any  sora7*  The  other  point  Is  sonatn.ng  D.  Kuldrsw  reminded  as  of  sarlier,  that 
tha  amount  of  power  from  a  topsida  sounder  st  a  distance  of  about  1  km  is  equivalent  to  the 
radiated  pevar  dopoaitmd  In  tha  f-region  fron  a  ground-based  heater.  Many  of  tha  plasma 
phenomena  excited  by  tha  ISIS  satellites  occur  well  within  that  1  km  region,  so  there  is 
a  lot  of  interesting  plasma  physics  that  can  be  studied  in  regions  where  the  field  strengths 
are  much  stronger  than  those  from  ground-based  heaters.  If  there  Is  some  way  we  can  sell 
this  to  get  missions  of  that  type  going,  it  would  be  good  for  global  morphology  end  also 
for  ionospheric  physics  related  to  specific  ionospheric  modification  problems.  The  problem 
is,  to  try  to  gat  any  sounder  on  a  cetcllito  with  pa os 1 vs  instruments  is  slooot  impossible, 
because  the  passive  people  do  not  like  an  active  instrument  on  board.  What's  really  needed 
la  a  dedicated  system  where  tha  primary  thing  la  tha  sounder.  And  I  think  maybe  wa  should 
think  in  tha  future  of  somehow  trying  to  get  back  to  those  days  again  whan  wa  can  have  a 
state-of-the-art  scundar  designed  with  present  day  equipment. 

A.  COCAS  (08)  t  Bob,  let  me  respond  to  something  that  you  reminded  as  of.  Tha  challenge, 
maybe  even  greater  than  the  one  you  described,  1*  on  the  chemical  release  side,  et  least 
in  the  OS.  The  latest  announcer* nt  of  opportunity  that  cue  out  of  NASA  specifically 
excluded  chemical  releasee  which  were  to  be  used  for  basic  plasma  physics  studies  in  which 
the  upper  atmosphere  was  s  plasma  lab.  So  the  basic  physlca  side  of  active  experiments 
often  falls  through  tha  cracks  somewhere  between  applications  and  those  who  identify  their 
mission  as  studying  the  atmosphere  as  it  exits  and  not  as  a  laboratory.  Both  in  terms  of 
topside  sounders  and  some  other  active  experiments,  it's  very  herd  to  sell  to  some  of  the 
funding  agencies. 

D.  PAPASOTOOLC8  (B3)i  Listening  to  you  and  to  Bob,  one  thing  that  coass  to  mind  in  terms 
of  wave  plasma  Interactions  and  issues  of  strong  and  weak  turbulence,  ie  the  commonality 
of  this  subject  in  terms  of  electron  beam  Injection,  in  terms  of  ionospheric  modifications, 
and  in  terms  of  wavs  injection  in  space.  How  ve  went  through  a  long  period  in  the  '70s  in 
which  we  debated  whether  weak  or  strong  turbulence  was  tha  relsvant  issue  in  beam  plasma 
interactions.  Finally  it  turned  out  that  strong  turbulsncs  dominated  in  almost  every  case 
that  we  could  measure  the  data..  Weak  turbulence  wee  almost  a  aet  of  measure  zero.  Even 
In  Type  III  radio  bursts  with  10~s  density  ratio,  strong  turbulance  dominated. 
There  le  a  lot  of  understanding  that  con  be  directly  transferred  because  in  the  beam  plasma 
interaction  you  have  a  very  long  wave  which  la  electrostatic,  but  long  waves,  electrostatic 
or  electromagnetic,  behave  similarly]  that's  the  dipole  approximation.  The  thing  we  didn't 
have  there  is  tha  density  gradient.  In  the  experiments  that  can  be  dons  with  the  means  that 
Boo  is  suggesting,  you  have  the  injection  of  a  high  frequency  wavs  without  the  gradient, 
and  you  can  study  both  dacay  instabilitias  and  strong  turbulence  in  a  homogeneous  medium. 
And  then  the  etrong/weak  turbulence  issues  come  along.  And  then  finally,  in  the  experiment# 
in  Arecibo  and  the  other  HF  facilities,  the  strong  turbulence  is  induced  mainly  because  of 
the  large  fields  created  at  the  reflection  point.  The  Scandinavian  experiments  should 
provide  us  also  with  the  opportunity  or  studying  that  in  an  underdensa  fashion  in  tsrms 
of  the  2e>.  underdense  Raman  scattering.  So  all  I  wanted  to  point  out  waa  the  commonality 
that  runs  through  all  thesa  subjects. 

I>.  DCYCAS  {08)1  I  might  point  out  I  was  plaased  to  tea  a  talk  at  this  seating  that  waa  a 
unified  theory  of  turbulence  by  Dr.  Kjdlhus  who  talked  about  how  weak  and  strong  Langmuir 
turbulance  might  actually  be  described  in  a  common  framework  which  I  think  is  a  promising 
step  forward. 

M.  kzsrrrra  (BB)«  I  have  three  comments  on  vhat  I  hive  heard  this  week,  particularly  In 
the  H7  area.  One  is  that  I  think  the  theory  of  HF  intersctlons  in  the  ionosphere  is  not 
well  developed  end  ie  way  behind  the  laboratory  plasma  physics  community.  There  is  some 
crossover  that  Dennis  [Pepadopoulos J  has  talked  shout,  that  ws  Bight  take  from  the  small 
scale  laboratory  plasmas  and  transfer  to  the  space  plasmas,  but  there  is  very  little 
nor  linear  work  that  haa  been  done  for  the  large  seal*  plasmas,  particularly  in  the  thermal 
self-focusing  instabilities,  etc.  It  is  very  crucial  to  make  soma  mors  gains  in  this  area. 
A  second  comment  is  that  when  you  have  small  scales  you  have  vary  short  time  seals 
phenomena,  and  when  you  have  large  scales  you  can  have  very  long  time  scale  phenomena.  The 
connection  between  the  two,  how  they  interact  and  how  you  bring  a  unified  picture  into  the 
program  is  going  to  ba  very  important  in  the  next  few  years.  Tha  third  point  is  wa  really 
have  to  know  what  the  natural  ionosphere  is  doing  before  we  turn  the  heater  on,  especially 
at  high  latitudes,  and  how  one  might  affect  the  naturally  occurring  irregularities  with  the 
heater  and  vice  versa,  and  try  to  come  up  with  soma  kin-  of  a  self-consistent  analysis  of 
the  problem.  Those  three  areas  I  think  are  going  to  be  very  important  in  the  next  few  years 
and  we  at  URL  ara  looking  in  all  thesa  areas.  In  terms  of  theoretical  advances,  that  is 
where  they  are  going  to  be  made. 

h*  BOBO*  (08)  j  I  would  like  to  second  your  last  comment,  which  was  that  high  latitudss 
ara  going  to  ba  tough.  Wa  could  fill  volumes  with  irraproducible  results  obtained  at 
Arecibo  where  the  ionosphere  is  relatively  calm,  so  at  high  latitudes  where  tha  environment 
is  a  lot  more  variable  it's  going  to  be  really  tough  to  decipher  what's  happening. 
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T.  tOWCt  (CTX) t  I  really  suet  taka  exception  with  those  laat  comments.  Z  think  me  of  the 
things  that  hae  not  cc- a  across  In  thle  stating,  and  I‘a  vary  disappointed  that  it  haan't, 
la  the  tromendius  amount  of  work  that  baa  bean  done  at  Trcnop.  We've  bean  heating  the 
Ionosphere  at  Tix rep  for  alaoat  eight  ycara  nov.  Ha  are  vail  aware  of  the  things  that  you 
hava  Just  mentioned.  Wo  are  wall  aware  that  the  preconditioning  of  the  lonoaphara  la 
Important.  I  would  taka  objection  with  you  that  the  theory  of  H?  Interaction  1  a  not  wall 
understood)  I  think  it  la  wall  undaratood.  Z  think  It  la  a  great  ahaaa  that  the  German 
group  bat  not  shown  up  hare.  Z  think  if  p.  Stubbs,  and  Xopka,  and  the  paople  frea  Llndau 
ware  bare,  you  would  hava  beard  a  lot  acre  about  that  kind  of  work,  to  Z  really  dr  aaa  a 
danger  ham  of  the  vo , V  that  has  bean  dona  at  Trossp  being  ignored  and  the  whole  "wheel* 
being  radlaccvered  In  Alaska,  and  Z  think  tliat  la  a  vary  dangerous  situation  to  gat  in. 

Z  think  the  papers  that  hava  bean  published,  particularly  in  JATP,  era  not  wall  known  on 
the  otnar  side  of  the  Atlantic,  and  T  think  the  people  Involved  In  the  planning  really  ought 
to  look  vary  hard  at  what  hae  bean  published,  all  in  the  open  literature  Z  Bight  sav,  using 
the  highlighted  heater.  Zt's  •  great  ahaaa  that  the  Germans  aren't  hare. 

t>«  DOKAM  (08) «  1  think,  Tudor,  that  Hike's  [kasklnen]  consents  wars  prlnarlly  directed 

toward  the  theoretical  side  of  what's  been  done,  basically  that  there  hasn't  bean  the 
parallel  corputor  emulations,  numerical  simulations,  that  hava  gone  on  In  baas  plasma  work. 

I,  HkimoN  (os)  ■  with  regards  to  some  of  the  new  facilities  that  tra  being  talked  about. 
In  tho  context  of  what  you  were  saying,  Lewis,  about  a  changing  political  and  tharafora 
da f ana*  related  environment,  What  character  would  the  new  facilities  take?  Ora  thing  X'a 
bearing  that  dletruesaa  ne  a  little  lr  that  they're  focused  for  a  particular  application 
and  not  necessarily  for  versatility.  I  would  suggest  two  eraas  that  haveo't  bean  mentioned 
bare  that  would  ba  new  horltons  and  that  would  ragulrs  aoaa  versatility  In  tha  new 
facilities.  An  AIK  facility  has  been  discussed  prlscrlly  In  tha  context  of  a  reflecting 
layer,  while  a  new  HF  heating  facility  would  ba  prlnarlly  an  ELF  generation  instrument. 
Both  of  these  facilities,  if  they  were  to  ba  built  with  their  higher  power  capabilities, 
hava  tha  potential  first  of  doing  beat  wave  heating  at  planra  resonances  on  the  topside  of 
tha  loneephere,  which  I  find  an  especially  Intriguing  possibility,  with  different  density 
gradients  and  different  conditions  than  have  been  previously  accessible.  Second,  If  tha 
MF  facility  is  high  enough  in  freguency,  and  If  tha  AIX  facility  (if  It  vara  UHF)  had  good 
phase  coherence,  both  could  ba  considered  as  potential  radars  for  accessing  auch  higher 
altitudes,  up  into  tna  magnetosphere.  both  these  possibilities  Z  think  are  extremely 
intriguing,  era  within  tha  realm  of  operation  of  these  new  facilities,  end  should  be 
considered.  (Kafi  ThldS,  HISCAT  Proposal,  Swedish  Znatltuta  of  Space  Physics). 

H.  snoccai  (CC) i  I'll  make  two  comments  along  tha  lines  slailar  to  both  H.  Xasklnan  and 
T.  Jones.  Experimentalists  for  the  past  few  years  have  refined  techniques  that  were 
developed  over  tho  last  10-15  years,  so  vhat  people  do  for  plasma  line  measurements  In  1990 
la  completely  different  than  what  used  to  be  dor.e  In  1974.  There  hae  been  great 
experlnental  development  done  both  In  Trcaap,  end  in  Areclbo  end  other  places.  However, 

I  think  we'vo  hit  a  Halt  from  tho  experimental  point  of  view  by  the  fact  that  we're  limited 
to  the  ground  end  more  specifically  to  the  backscetter  condition,  where  we  eit  down  there 
end  look  *t  what's  going  on  at  a  finite  frequency  at  e  finite  wavelength,  looking  at  J5  aa 
atructuree,  and  Ignoring  coapletely  vhat  may  In  reality  be  happening  In  the  Ionosphere. 
I'll  Just  take  two  examples  to  aaka  ay  point.  There  Is  need  for  Bore  comprehensive  team- 
type  of  experiments,  where  simultaneous  measurements  sre  dons,  backscsttered  yes,  but  also 
bistetically  end  specifically  from  space.  There's  a  great  neod  for  soaa  kind  of  Ionospheric 
type  of  satellite,  cr  a  shuttle  typo  of  flight,  that  can  do  simultaneous  measurements  of 
what's  happening  In  the  Ionosphere  while  the  radar  la  measuring  backseatter  on  the  ground. 
That  kind  of  three  dimensional  Information,  that  can  aeaaure  epntlal  end  tenporal  evolution, 
can  then  go  end  lead  the  theoretician  as  to  whether  Indeed  thermal  eelf-focuslng  la  due  to 
aicro  effects  or  macro  effects;  this  la  one  example  as  far  as  Ionospheric  modification. 
A  second  example  would  be  ELF  generation,  where  for  years  now  we've  been  sticking  up  loops 
anywhere  from  10  to  500  km  froa  where  the  modification  region  la.  For  ELF  purposes,  thle 
la  near  field.  If  we  Indeed  would  like  to  know  If  we  do  generate  ELF,  one  would  think  of 
what  happened  for  Instance  with,  I  think  it  waa,  the  ISIS  or  the  GEOS  satellite  where  Gordon 
James  captured  the  ducted  waves  on  the  satellite.  You  would  then  go  to  global  aaasurexants, 
go  to  the  conjugate  point,  go  under  the  transmitter,  go  to  mil  much  placmm  and  make 
simultaneous  measurements  to  really  validate  m  tyatea  of  that  type.  So  here  are  two 
exeaplee  that  tell  you  we've  reached  a  Halt  If  ve  keep  doing  the  same  type  of  experiments 
that  we've  been  doing  so  far.  Incidentally  in  lonoephoric  modification,  again  to  the  credit 
of  the  Europeans,  the  REPO  experiments  generated  an  incredible  wealth  of  inforaation  froa 
ln-aitu  measurements,  end  we  should  head  In  that  direction  as  a  suggestion  for  the  future. 

T.  JOSES  (01) t  Could  I  Just  comment  on  that?  I  don't  want  to  be  blowing  trumpets  about 
Troasp  a. id  the  facility  there,  but  the  HERO  experiment  is  e  good  one.  There  are  two  rockat 
ranges  theme.  Thar,,  is  Andoya  and  Esrange.  The  Instrumented  rockets  have  been  flown 
through  the  heater,  a  volume  to  measure  electric  fields  end  some  particle  precipitation  and 
energise  and  so  on.  He  have  EISCAT  which  is  the  only  trimtatlc  incoherence  scatter  radar 
In  operation  at  the  present  tiae  which  gives  you  good  handles  on  electric  fields  which  you 
can't  measure  elsewhere.  Ha  have  tha  STARE  system,  end  SABRE  can  look  into  that  area,  and 
also  ve  have  all  the  usual  ground-based  instrumentation.  So  I  don't  think  you  can  say  that 
that  systea  is  under-instrumented.  Maybe  we're  not  doing  tha  right  experiments,  but 
certainly  the  facilities  ere  there. 

L.  DC HCX»  (US) i  A  comment  I  would  like  to  add  in  addition  to  Xerlt'a  [Shoucri],  and  that 
Is  next  summer,  summer  of  1991,  when  tha  rocket  range  is  installed  in  Areclbo,  there  will 
be  a  series  of  eight  or  nine  rockets  flown  during  the  campaign.  Six  or  seven  will  be  CRRES, 
and  another  two  rockets  ere  non-CRRES.  Four  of  the  CRRES  cheaical  releases  snd  one 
instrumented  rockat  which  is  not  officially  part  of  the  CRRES  campaign  will  all  fly  through 
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tin  butw  volume,  and  ara  in  fact  HF  experiments.  There  la  ona  rocket  inappropriately 
named  the  SO  LI  TOR  rockat  that  Mika  Kallay  and  I  ara  on  and  Loo  Alaaos  la  on  aa  wall.  It's 
inland  ad  to  taka  vary  rapid  measurements  aa  you  fly  through  tha  haatar  volura.  Ona  of  tha 
prcblama  with  measurements  of  KF  affecta  froa  apaca,  at  laaat  froa  a  aatalllta,  is  that  you 
yo  through  tha  haatar  volume  vary  quickly  and  ao  it's  laportant  that  allowanca  la  aada  for 
vary  fast  data  ratas.  Ona  cf  tha  llaitationa  of  tha  paat  vaa,  soma  of  tha  interesting 
physics  la  on  vary  small  sea'. as  that  wars  not  pravioualy  rasolvad. 

•.  IMAM  <08)1  I  think  whnt  t  want  to  say  is  ralavant  to  what  Lawla  [Duncan]  talked  about! 
vara  Injection.  Dr.  Araatrong  talked  about  varsatillty  of  the  syataaa  that  you  put  tog  a  tha  r 
and  opportunities  for  international  collaboration  that  ara  now  facilitated  in  tha  present 
climate,  and  I  would  lika  to  announce  to  tha  coanunity  an  initiative  that  Stanford  is  in 
tha  process  of  putting  together,  and  has  be  r  tha  last  year  and  a  half,  which  involves 
an  International  RLF/VLF  wave  injection  faculty  in  Antarctica.  This  is  a  really  major 
undertaking  for  us.  ws'ra  in  tha  process  of  putting  together  a  proposal,  and  have  already 
demonstrations  of  significant  support  from  our  Soviet  colleagues  and  colleagues  also  from 
Japan  and  tha  Uk.  Me  had  a  workshop  at  Stanford  laat  yaar,  and  we  put  together  a  report 
which  la  available  which  describes  the  detailed  acientific  opportunities  in  the  area  of 
wave-particle  interactions,  heating  of  the  lower  ionosphere,  heating  of  tha  upper  ionosphere 
at  altitudes  of  1000  ka  or  so  which  loads  to  production  of  'on  conics  which  is  s  subject 
that  wasn't  discussed  hare  of  eourea  but  la  vary  interesting  in  terms  of  tha  coupling 
between  tha  ionosphere  and  magnetosphere .  Basically,  tha  facility  involves  sntsnnss  strung 
out  on  tha  Antarctic  lea  (about  1000  a  thick)  and  the  antennas  are  200  km  long.  There  ara 
five  of  then  seoarated  by  20  km  which  operate  at  frequencies  as  low  ss  S00  Hz;  it's  resonant 
at  SOO  Ha.  And  I  think  it  la  an  alternative  schema  for  generating  EL F  —  not  too  low  in 
tha  ILF  range,  but  at  500  Hz  and  above.  By  varying  tha  antenna  langth,  it  can  be  made  to 
operate  at  higher  frequencies  all  the  way  up  to  500  kHz.  Co  I  think  tha  ability  to  in'  act 
rays  over  a  wide  spectrum  into  the  ionosphere  and  look  at  their  affects  will  be  thara,  and 
X  would  Ilka  vary  much  for  members  of  this  community  to  partieipats  in  this.  Me  are  in  the 
process  of  putting  together  proposals;  we're  envisioning  a  facility  lika  EXSCAT  that  will 
be  usable  by  members  of  tha  community;  and  wa  hope  that  wa  will  gat  funding  support  for  this 
froa  tha  Olvialon  of  Polar  Programs.  X  Lope  also  that  nations  that  ara  participating  ara 
going  to  get  their  own  funding.  So  if  you  have  any  questions,  plaasa  lat  aa  know. 

J.  HLbOCS  (CA)t  Stanford  University  has  been  carrying  out  sxperlments  like  that  for  tha 
paat  decade.  What  new  do  you  axpact  vo  learn? 

0.  xnz  (US)  i  That's  a  very  good  question.  Tha  past  experiment  was  basically  a 
demonstration  of  capability  of  doing  this  conjugate  experiment  at  5  kHz  to  basically  2.5 
kHz  and  at  vary  minimal  radiated  power,  in  the  range  of  X  to  I  kw.  What  wa  ara  now  aiming 
at  la  a  vary  substantial  increase  in  that  radiated  power,  by  factors  of  ton  or  more,  ao  wa 
ara  talking  about  40  W  at  5  kHz.  Predictions  ara  that  precipitation  of  particles  from  the 
radiation  baits  at  L-shalls  of  four  to  five  will  become  faasibla  vary  easily  within  tha 
paraaatar  ranges  that  wa  have,  so  vs  can  produce  artificial  aurora  and  investigate  the 
response  of  tha  ionosphere  to  tha  artificial  aurora.  Me  can  study  tha  generation  of  lovar 
hybrid  raya  at  altltudea  of  1000  km  and  look  at  ion  conics.  Me  can  look  at  possible 
triggering  of  AIM  for  example.  There  is  a  wide  range  of  scientific  lasuea  that  were  not 
addraaaad  by  the  previous  facility,  and  X  would  lika  to  talk  to  you  mors  about  those  and 
sand  you  tha  report. 

O.  EAVU1  (nil  I'm  not  an  expert  in  this  area.  I'm  on  tha  periphery  of  tha  p>  »'ca 
communication  engineer,  but  X  would  lika  to  pose  tha  following  question  to  those  of  you  -no 
ara  involved  with  tha  modeling  of  the  nonlinear  aspects.  All  the  effects  that  wa  ara 
talking  about  in  this  symposium  are  highly  nonlinear  affacts,  and  as  you  probably  know,  in 
tha  last  5-5  years  there's  bean  a  revolution  in  tha  analysis  of  nonlinear  dynamical  systems. 
It  goes  sort  of  undo-,  tha  name  of  "chaos"  but  It's  sctually  far  mors  revolutionary  end 
fundamental  than  that;  that  nonlinear  coupled  aquations  have  a  behavior  in  which  the  phase 
apaca  produces  fractal  trajectories,  which  then  indicates  that  some  of  thess  nonlinear 
phenomena  which  wa  thought  ware  predictable  in  tha  short  term,  like  weather  patterns,  like 
precipitation  initiation  in  the  meteorological  sense,  are  now  known  to  be  physically 
impossible  froa  that  analysis,  from  a  theoretical  viewpoint.  This  also  Implies  that  unless 
you  ara  able  to  define  tha  initial  conditions  almost  to  an  infinite  resolution,  you  cannot 
predict  tha  performance  or  tha  evolution  of  that  particular  nonlinear  phenomena.  These  are 
juat  baginning  to  be  emerging  from  tha  work  of  people  lika  Leon  Choi  at  Berkeley  and  soma 
of  tha  other  people  working  in  nonlinear  dynamics.  I  would  lika  to  know  your  comments  on 
whether  you  faal  that  perhaps  somebody  should  look,  or  perhaps  somebody  is  looking  at  this 
offset,  and  that  these  highly  nonlinear  affects  have  soma  chaotic  trajectories  in  phase 
apaca  that  perhaps  indicate  acme  of  the  work  ia  being  dona  unnecessarily  or  without 
undsrstandliw  tis  chaotic  nature  of  tha  coupling  effects. 

N.  nnm  (CS)  t  Some  of  tha  parametric  instabilities  that  have  bean  invoked  in 
ionospheric  heating  have  also  been  studied  in  laboratory  plasmas.  In  particular  laser  fusion 
plasmas;  these  have  bean  looked  at  initially  in  terms  of  nonlinear  dynamics  and  chaotic 
behavior.  Particularly  at  tha  University  of  Maryland  several  people  have  looked  at  it 
thara,  and  aomw  other  places  also.  X  don't  think  it's  bean  applied  to  tha  ionospheric  case, 
but  it  can  vary  easily  be. 

D.  FAFAOOFOULOS  (US) i  Me  do  have  an  active  program  of  chaotic  mtudiee  of  ionospheric 
responses,  and  today  actually,  I  was  supposed  to  be  giving  an  invited  talk  at  the  AGU  on 
exactly  that  subject  with  respect  to  tha  AE  index  and  the  IP  index;  ona  of  my  colleagues 
is  giving  it  because  I  am  hare.  Thera  are  a  lot  of  things  that  are  vary,  very  Important  and 
it's  not  mo  much  tha  unpredictability.  By  looking  up  [certain  factors]  of  tha  AE  index, 
for  example,  wa  can  find  out  tha  length  of  predictability.  Ha  can  find  out  tha  substorm 
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time  vcilu.  These  methods  right  now  ira  being  used  very,  very  effectively  In  understanding 
the  coupling  of  tha  solar  wind  to  the  magnetoaphere  and  to  the  ionosphere.  That'c  ona  part. 
On  the  micro  phyaica  va  have  looked  that  tha  collapaa  aaaentialiy  ia  a  chaotic  phenomenon, 
namely  whan  tha  wava  turbulence  w/nd,  #hara  ia  tha  plasma  density,  exceeds  one-ninth,  than 
what  you  and  up  with  la  a  vary  chaotic  behavior,  and  a  vary  broadband  signal  comes  out  of 
that  du'*  to  exactly  chaoa,  ao  it  ia  not  neglected.  Z  think  va  hava  about  fiva  paopla 
working  right  now  at  tha  University  of  Maryland  on  that  araa. 

It.  DWCil  (01)1  Vary  good,  that  waa  a  nlea  qua  at  Ion  ao  wall.  Mow  perhaps  va  can  mova  on 
toward  tha  mora  appliad  aida  of  all  of  this. 

J.  ttLBOft  (CM)  t  I'll  start  with  a  faw  reairka.  My  rexarks  will  ba  olatad  to  my  own 
personal  faallngs  and  free*  a  Canadian  point  cf  vlsw.  Canada  lo  a  high  latitude  nation. 
Zn  fact  we  own  a  significant  part  of  tha  dlsturbad  ior.oophara.  Tha  dip  pola  and  tha  L- 
shall  or  corractad  geomagnetic  pola  both  11a  in  Canada.  Ionospheric  modification  la  not 
my  flald  of  expert is«,  except  Z  know  guita  a  lot  about  tha  basic  physics  of  tha  ph«>ncmana 
because  tha  eubjoct  and  Z  hava  baan  around  for  guita  a  long  tlms.  But  this  doesn't  stop 
ms  from  making  a  fav  resarks.  X  gueas  I  can't  loss  too  much.  Zf  X  may  something  foolish, 
this  perhaps  will  stimulate  sons  dlacusaion.  Zf  X  should  manage  to  make  it  say  something 
provocative,  this  will  alao  sti-iulato  parhapo  avan  mora  interesting  dlocusalon.  I  intand 
to  oddraso  net  tha  nhyalca  of  tha  phenomena,  but  mainly  tha  application  of  it,  ard  from  o 
Canadian  high  latituda  polr  ;  of  vlaw. 

Mm  at  tha  Comaun 1 cat -one  Research  Cantar  in  Ottawa,  hava  triad  vary  hard  to  gat  In  to  this 
subject  fiald  for  a  number  of  yaara.  Whan  Z  say  "triad  very  herd,"  I  maan  frr*  a  ground- 
baaed  experimental  point  of  vlaw.  Gordon  James  together  with  Don  Muldrov  hava  looked  at 
intaracticns  of  waves  in  apace  frea  tha  ISIS  and  Alouectc  satal litas,  and  Den  Muldraw  has 
participated  in  ar.ilyela  of  Arteibo  data.  Wa  lntandad  to  do  tha  Fejar  type  of  experiment, 
to  meaeure  electron  dona  It  lea  in  tha  D-rogion.  But  in  1561  when  va  turned  on  our  ralatlvaly 
low  power  then,  100  kW  transmitter,  feeding  a  4-dipola  antar.na  array,  tha  first  day  wa 
tumad  it  on,  lo  and  behold  there  waa  no  ionospharic  acho.  In  fact  thara  was  only  ona  acho 
from  45  km.  Wa  were  right  in  tha  middla  of  a  major  aolai  proton  avant  which  bad  extended 
am  far  south  aa  Ottawa.  I  can  assura  Dr.  Papadopouloa  thara  era  going  to  ba  many  occasions 
in  oururpot  maximum  years  when  his  superb  method  of  painting  ELT  antennas  In  ths  sky  just 
won't  work  because  hla  paintbrush  won't  gat  thara.  In  tha  final  development  of  tha  2.66 
JfHx  aystau  which  I  just  referred  to  a  moaant  ago,  wa  had  a  40-dipole  actanr.a  arre/  and 
powers  up  to  1  MW  and  durations  up  to  10  me .  Tan  mlllisac  waa  tha  largest  capacity  that 
our  power  supply  could  handle.  Wa  had  an  estimated  radiated  power  of  60  d&V.  Wa  had  other 
operating  frequencies:  4.6  and  6.2  KHx.  Tha  latter  employed  a  100  kif  transmitter  and  128- 
dipoia  array.  At  Ft.  Churchill  va  had  at  this  frequency  a  100  kW  transmitter  and  128-dipole 
array.  Wa  could  measure  electron  density  profiles  rnd  winds  in  tha  mesosphere.  Wa  never 
observed  wave  interaction  affacta,  although  wa  did  try.  Wa  looked  at  pulse  distortion  (Wa 
thought  pxrhapa  thera  might  ba  something  interesting  in  this).  For  tha  2.66  WHt 
transmitter,  wa  didn't  need  to  use  a  receiver,  and  tha  transmitter  was  a  perfectly 
trapetoldal  pulse  ao  va  could  connect  an  oscilloscope  to  the  antenna,  and  at  full  povor, 
tha  E- region  acho  waa  running  around  a  third  to  half  a  volt  acroie  tha  input  terminals  of 
tha  oscilloscope,  mo  thara  was  no  distortion  in  tha  receiver  from  tha  pulse.  Wa  increased 
the  powers  up  from  tha  100  kW  to  10C0  kW  of  transritter  power,  and  while  tha  adgaa  of  the 
pulse  did  round  a  little  bit,  thara  was  nothing  exciting  in  that.  Wa  looked  for  tha  third 
harmonic  which  might  be  generated  in  tha  ionosphere,  but  thara  waa  no  detectable  third 
harmonic.  Wa  eat  at  tha  foot  of  tha  fiald  line  that  passed  through  the  heated  region  and 
looked  with  our  oaxlnum  transmitter  pulse  duration,  10  ms,  and  full  transmitter  power.  Wa 
used  a  440  KHx  transmitter:  1  kV  feeding  32,  and  in  tha  ultimata  and,  64  ten-element  Yagls. 
Jules  Fajar  had  speculated  that  sitting  at  tha  foot  of  tha  fiald  line  va  might  aaa  these 
plasma  resonance  lines  many  dB  etrenger.  Wall  we  saw  no  discemabl#  signal.  So  much  for 
our  attempts;  it  was  a  bit  disappointing. 

Bragg  scatter  has  been  mentioned  in  this  masting  a  number  of  times:  it 'a  vary  aspect 
sensitive,  and  if  wa  produce  f iald-alignsd  irregularities  in  Canada  which  ona  can  Bragg 
scatter  VHF/tniF  signals  from,  fiald  lines  in  Canada  are  almost  vertical,  and  there's  nowhere 
In  Canada  where  wa  could  In  fact  met  a  transmitter  and  receiver  and  aaa  reflections  from 
these  field-aligned  irregularities.  If  wa  did  hava  a  powerful  heating  source  in  .ana da , 
we  would  produce  reflectors  for  our  neighbors  to  tha  south,  tha  OS,  who  might  find  sw  ..tiling 
interesting  in  this.  All  this  leads  me  to  tha  general  remark:  vava  interaction  is  a  vary 
interesting  subject.  A  great  deal  has  been  learned  about  it,  and  we've  heard  soma  of  it 
at  this  meeting,  particularly  about  the  plasma,  using  it  aa  a  tool  to  measure  tha  plasma, 
and  snout  energetic  particle  precipitation.  But  from  a  communications  point  of  vlaw,  Z 
wonder  if  there* a  anything  practically  applicable. 

By  particular  interests,  Z  gueas,  are  sort  of  in  the  possibility  of  ELF  generation.  Getting 
the  signals  to  the  places  where  they  need  to  be  at  tha  electrojet  is  going  to  be  impossible 
mnder  e  number  of  occasions  on  sunspot  maximum  years  because  of  polar  cap  absorption  events, 
end  in  other  years  due  to  hi?h  energetic  electron  precipitation,  relativistic  electron 
events,  which  produce  ionisation  mo  low  down  that  any  transmitter  power  which  we've  used 
in  Canada  (and  I've  mentioned  some  of  them)  hava  not  produced  raflactlons  from  tha 
ionosphere  on  many  occasions.  Tha  possibility  of  using  VLF  transmitters,  we  ha  ard  from  the 
Maryland  group,  wasn't  a  vary  good  mathod  of  producing  ELF  because  the  •  !*_  -la  wouldn't  gat 
to  the  height  where  they  needed  to  gat  to,  to  use  tha  electro jet  as  an  terms.  But  Z 
wonder  bow  thoroughly  founded  that  kind  cr  an  observation  is,  and  have  we  really  looked  at 
tha  ideal  experimental  situation  where  >ou  have  a  VLF  transmitter  running  a  megawatt  of 
power  at  tha  highest  latitude  at  which  VLF  transmitters  exist  at  tha  present  time,  and  you 
sirs  transmitting  on  a  pair  of  frequencies  whose  separation  might  be  something  of  the  order 
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of  100  Hi .  I  guui  to  be  useful  wo  have  to  know,  "Is  it  detectable?*  Wall  certainly  It 
is,  or  certainly  it  would  be,  but  la  the  amplitude  useful,  and  would  it  be  there  for  a 
significant  amount  of  time?  From  a  point  of  view  f '  a  researcher  in  the  high  latitude 
region,  it  doesn't  look  to  me  like  there  la  a  great  .  jture  for  ionospheric  modification 
being  useful  for  a  communication  means. 

0.  MMSOFOULOf  (OS)  >  The  point  I  want  to  sake  is  with  respect  to  wanting  to  put  the  energy 
where  we  have  to.  There  is  no  reason  to  put  the  energy  at  90  km  if  I  have  a  lot  of 
electrons  at  SO  km.  The  beauty  of  tie  ELF  generation  is  that  if  I  have  a  lot  of  electrons 
at  50  km,  even  if  it  won't  go  to  90  km,  it  will  be  absorbed  at  SO  km;  it  will  modulate,  and 
it  will  give  me  as  much  power  as  I  would  have  gotten  at  90  km.  All  I  need  is  an  electric 
field  —  an  electric  field  of  the  order  of  a  few  millivolts  per  meter  which  is  vary,  very 
low  and  has  very  high  probability  of  occurring.  Actually  urd->r  nuclear  conditions,  I  will 
have  the  best  ELF  generation  system  ever  because  I  will  hav  c  lot  of  electrons  low  down, 
so  I  do  not  believe  that  this  is  a  restriction.  With  respect  to  really  getting  the  whistler 
range,  the  low  frequency  range  up,  1  believe  that  lt'a  a  very  good  Idea  to  be  looked  at, 
and  aapeclally  with  respect  co  the  bit  excitation,  because  the  Hanley-hove  relations  are 
very,  vary  good  for  that  possibility.  Ws  have  not  looked  Into  that  point  In  detail. 

V.  Jcxra  (CE)i  I  would  Ilka  to  taka  up  something  that  J.  Belrose  mentioned  in  his 
presentation.  I  think  it  has  been  somewhat  of  n  disappointment  to  me,  personally,  In  this 
meeting  that  we  have  spent  most  of  our  time,  as  far  as  systems  ara  concerned,  talking  about 
OTH  systems  and  introducing  the  artificial  mirrors,  and  we've  talked  a  lot  a.'out  ULF 
generation.  Ha  have  not  talkad  very  much  about  anything  else  at  all,  and  I  think  thers  are 
many  more  things  you  can  do  with  ionospheric  modification  than  juat  thoae  two  possible 
applications,  for  example,  we  did  hear  a  little  bit  about  lansea;  I  know  L.  Duncan,  for 
example,  has  done  much  work  on  lenses  and  introducing  HP  signals  into  ionospheric  ducte, 
the  generation  of  new  ducta,  ana  the  long  distance,  low  attenuation  propagation  of  HP  waves 
In  ducts,  and  the  uses  that  cne  can  put  these  kinds  of  propagation  to.  I  just  wondered  If 
there  were  people  in  the  audience  who  felt,  like  I  do,  that  perhaps  we  should  have  opened 
this  up  to  a  such  sore  wide  ranging  discussion  as  far  as  ths  applications  srs  concerned  than 
ww  ha vs  done. 

S.  TAOOOWI  (IT) i  About  the  communication  aspect  in  application,  we  can  consider  for 
instance  a  medium,  or  the  space  like  a  medium,  as  a  part  of  a  communication  channel.  The 
modification  with  a  deterministic  procedure  of  this  development  of  the  medium  can  probably 
produce  certain  efficient  effects  in  the  improvement  of  the  final  transmission  channel. 
So  I  wonder  whether  some  artificial  modification  could  be  introduced  Into  the,  generally 
speaking,  'transmission  channel"  in  order  to  Improve  the  communication  properties  of  the 
channel. 

R.  mm  (U8)i  I  think  Dr.  Jones  brought  out  very  well  that  Troaso  has  done  a  large  number 
of  experiments  which  ara  extremely  sell  funded  compared  to  US  efforts.  In  order  to  get 
funding  in  the  US  at  this  time,  I  believe  that  one  has  to  come  up  with  applications.  Lika 
Dr.  Jones  said,  we  have  to  come  up  with  things  which  ore  specific.  The  Defense  Department 
is  not  willing  to  pay  a  lot  of  money  to  enhance  most  communication  system  capabilities,  end 
most  ionospheric  work  does  demand  quite  a  bit  of  moray .  ELF  and  OTH  radars  are  two  areas 
where  more  monies  could  be  spent.  The  ionospheric  community  has  not  come  up  with  enough 
applications  through  the  years,  and  that'e  the  only  way  that  there  will  be  support  for  it. 
Otherwise  it  will  just  be  research  for  semi-random  Individual  physics  issues,  without  the 
methodical  approach  behind  It,  and  we  are  not  going  to  get  anywhere.  Hopefully  the 
Europeans  will  keep  getting  funded  and  we  can  moderata  our  own  sponsors  in  the  states  to 
maybe  come  up  to  speed. 

W.  aoEDOH  (OS)  i  I  would  like  to  wake  two  points.  First,  responding  to  the  last  comment 
about  the  applications  that  come  out  of  the  work  that  the  coumunity  does.  I  thought  we  had 
agreed  that  the  basic  studies  that  have  gone  on  over  the  years  have  produced  military 
systems,  communication  systems,  that  have  been  remarkably  useful  in  Canada,  in  high 
latitudes,  across  Europe  and  many  other  plscos,  that  are  still  in  use  in  some  cases  and  have 
bad  spin-offs  into  the  commercial  world  that  mettar.  The  other  point  I  would  like  to  make 
has  to  do  with  the  spin-offs.  One  of  the  most  important  communication  applications  may, 
in  fact,  be  satellita  communication  and  the  TV  news  that's  carried  by  satellite 
communication  worldwide  whore  you  can  see  the  events  taking  piece  in  Tlenemen  Square,  In 
Dresden,  in  Romania,  wherever.  That  I  think  is  the  most  powerful  force  for  peacekeeping 
that  there  is.  And  it  may  be  a  twist  of  the  military  purpose,  but  if  the  military  has  a 
function  to  defend  ue  and  to  defend  a  peaceful  world,  it  seems  to  me  that  this  is  an 
important  contribution  that  they  have  made  through  years  of  contributing  to  vhat  amounts 
to  basic  science. 

t.  JOKES  (Uk)»  Yes,  can  I  junt  add  ore  comment,  not  to  what  W.  Gordon  has  just  said,  but 
juat  going  back  oro  step.  One  of  the  interesting  things  that  people  who  work  in  satelilte- 
to-ground  systems  are  concerned  with  i3  scintillation,  both  in  amplitude  and  in  phase,  end 
one  of  the  techniques  that  they  have  recently  bean  very  concerned  with  is  what  is  known  as 
ionospheric  tomography.  This  is  essentially  the  transfer  of  medical  imaging  teenniques  to 
the  ionosphere.  It  is  similar  to  brain  scanning,  and  with  the  placement  of  a  number  of 
sensors  you  con  do  the  sasa  thing  with  the  ionosphere:  you  put  a  number  of  receivers  on  ths 
ground,  you  have  a  satellite  as  your  source,  and  than  you  measure  the  image  on  the  ground 
of  the  scintillators.  Kou  why  hasn't  anybody  done  this  for  the  heatod  volume?  I  mean  this 
seems  such  an  obvious  thing  to  do  that  1  would  have  ’-.bought  somebody,  especially  the 
satellite  people  amongst  us,  would  have  cose  up  with  ideas  of  imaging  both  the  RF  heating 
and  perhaps  the  chemical  releases.  The  application  of  tomography  techniques,  I  would  have 
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thought,  would  hav*  bean  •  food  thing  to  do  both  fro*  a  scientific  point  of  vim  and  an 
application*  point  of  via*. 

V.  IMin  <C8)i  Kith  regard  to  a  subject  that  Tudor  Jones  briefly  mentioned  aarllar,  thar* 
ara  plana  in  the  US  to  use  a  heater  to  generate  field-aligned  lrregularl' lea  in  the 
lonoepher*  for  the  purpose  of  scattering  W  signal*  from  ground-based  transmitters  lnto- 
and  out  of  elevatod  ionospheric  duct*.  The  ducts  are  located  around  250  km  altitude  in  the 
ionosphere,  and  are  net  usually  accasaiblc  to  ground-baaad  87  signals,  becaua*  of  the.r 
normal  propagation  argla*.  The  uaa  of  the  heater-generated  lrregularltlaa  will  provlda  a 
controlled  mechanise  for  accessing  the  ducts.  Observations  of  the  signals  will  be  made  on 
•  satellite  that  will  be  launched  sonatina  in  the  next  year  or  so.  Such  issue*  as  the 
•fficisney  of  coupling  Hf  energy  Into-  end  out  of  duct*  and  the  propagation  characterletica 
of  Hf  wave*  in  slavatad  ducts,  including  auch  things  as  attenuation  rota*  and  87  handvldtha 
that  can  ba  sustained,  will  bo  investigated.  The  temporal  end  spatial  characteristic*  of 
the  ducts  will  also  ba  studied.  Such  data  will  be  useful  in  assessing  the  potential  for 
exploiting  ducted  R7  modes  for  long  range  ccanunication  end  surveillance  applications.  The 
program  Is  being  conducted  by  the  US  Air  force's  Roma  Air  Development  Canter. 

ABUTthM  (08)  I  With  regards  to  tomography,  just  a  month  ago  at  th*  Ionospheric  Effect* 
Symposium  in  D.  C.,  there  ware  several  papers  glvan  about  th*  theoretical  modeling  of  that 
and  description  of  e  syatam.  There  ia  no  hardware  In  place  for  it  yet,  but  certainly  there 
is  thought  going  on  in  that  area,  end  is  prime  and  ready  to  go. 

A.  ntASSA-nflTa  (08) »  I  just  want  to  make  a  sort  of  general  concent  baaed  on  Tudor's 
[Jonaa]  observation  that  we  may  not  have  had  as  many  paopl*  her*  aa  w*  could  have  talking 
ionospheric  modification.  In  fact  I've  bean  very  lsprassed  with  the  big  eormunlty  of  people 
here  talking  ionospheric  modification.  In  fact  I  have  been  following  ionospheric 
modification  for  many  years  since  1  worked  on  the  Plattavllle  heater  array  in  Colorado. 
But  one  thing  I  have  noticed  over  the  many  yaare  since  I  did  become  involved  is  that 
although  there  ia  a  big  community  of  intareat,  there  la  no  formal  mannar  in  which  in  which 
this  can  express  itself;  we  all  act  as  individuals  doing  our  various  bits  and  pieces.  How, 
it  so  happens  that  I  am  Associate  Editor  of  the  journal  Radio  Science,  and  or.a  thing  I 
think  would  be  interesting  would  be  a  special  Issue  In  which  there  sight  be  sone  overview 
papers  dealing  with  th*  progress  of  ionospheric  modification  ovar  the  years,  with  some  other 
smaller  paper*  pointing  out  the  future  of  various  activities  in  this  area,  so  that  thar* 
will  ba  in  one  location,  aonething  dealing  generally  with  ionospheric  modification.  How 
I  aa  not  trying  to  compete  with  the  AGARD  Proceeding*,  which  1  think  would  be  vary  valuable, 
but  this  would  be  sore  of  a  series  of  overview  type  thing*  for  people  Interested  in  radio 
science  generally.  I'm  Juat  talking  about  this  —  it  would  have  to  be  taken  up  by  th* 
editor,  Allen  waterman  —  but  if  there  ia  intareat.  I'm  aura  bs  would  consider  taking  some 
action  on  that. 

T.  JOBSS  (OK)  t  bat's  say  something  to  that.  Most  of  you  sre  swarm  of  the  Suzdal  meeting* 
that  are  held  every  two  years,  one  year  in  th#  Soviet  Union  and  cn*  year  in  Western  Europe, 
organized  by  th*  Soviet*  and  by  our  Gorman  colleagues  at  the  Max  Planck  Institute,  Llndau 
who  actually  built  aid  operated  th*  Tromap  heater.  So  I  think  there  is  this  vary  important 
meeting  every  two  years  on  ionospheric  modification  and  I  think  th*  proceeding*  of  that 
meeting  are  available.  ,w»  have  now  been  two  or  three  of  these  meetings  and  I  think  they 
have  been  very  successful  meetings,  although  I’va  never  bean  to  them. 

A.  MBCAM  (US)  i  Maybe  I  could  clarify  that,  because  th#  proceedings  are  not  published  from 
that,  but  th*  papers  ara  available.  Ttl*  la  th*  year  for  that  masting,  but  it  will  not  be 
held  because  of  tne  General  Assembly.  It  has  bean  delayed  a  year,  and  ao  the  Suzdal 
meeting,  which  normally  would  have  fallen  on  thl*  year,  will  be  held  next  year,  and  plan* 
ar*  well  under  way;  Prof.  Gordon  Is  slso  on*  of  th#  organizer*  of  that  symposium.  It's  a 
special  forum  primarily  for  heating,  RP  ionospheric  modification,  although  vs  wsr*  just 
discussing  today  that  it  may  veil  be  appropriat#  to  broaden  th#  scop*.  The  next  meeting 
outside  of  the  Soviet  Union  say  veil  be  held  at  Arecibo  or  someplace.  It  is  not  strictly 
Western  Europe  although  the  last  meeting  vaa  held  in  Tromap. 

J.  moor*  (CA)  ■  I  would  like  to  return,  before  we  close  this  afternoon,  to  my  comment 
about  generating  EL7  using  a  VL7  tranxaittar.  It  suddenly  occurred  to  **,  after  I  stopped 
speaking,  that  th*  station.  Cutler,  in  Maine,  in  fact  has  two  antennas.  I  believe  that  the 
transmission  syetas  is  in  fact  duplicated.  I  believe  there  ar*  two  500  kW  transmitter* 
which  can  be  operate.)  in  parallel  Into  both  antennas.  Presumably  they  could  operate,  if 
v*  could  persuade  the  US  Havy  to  do  so,  a  SOC  kW  transmitter  into  each  antenna  system,  in 
other  words,  transmit  on  m  pair  of  frequencies  separated  by  an  ELF  frequency.  Also,  I  would 
like  to  ask*  one  comment  about  the  paper  by  Dr.  Noble  and  Gordon.  The  one  thing  that  was 
particular  noticeable  In  the  elides  that  we  saw  vas  the  insignificant  small  size  of  th* 
colls  which  wsr#  used  in  that  receiver.  I  know  a  little  bit  about  receiving  UL7  and  ELF 
signals  because  we've  looked  at  It.  In  fact  we've  built  equipment  in  Canada  to  do  that  kind 
of  thing.  Sou  people  use  a  device  called  a  SQUID  magnetometer  which  uses  cryogenically 
cooled  colls  so  as  to  get  enormous  eensitlvity.  Ws'vs  always  baen  of  ths  opinion  that  you 
didn't  need  to  go  to  that  extant,  but  o.i  th*  other  hand,  v#  have  used  in  recsivlng  syrtems 
that  we've  built,  antennas  which  ar*  significantly  large  compared  to  what  vs  saw  in  ths 
photograph,  as  used  at  Arecibo.  If  I  can  recall  the  numbers  correctly,  maybe  not  exactly, 
we  use  one  meter  loops;  wa  had  crossed  loops  (in  general  v*  us*  crossed  loops  so  w*  can 
measure  In  th*  two  planes).  They  were  alrcor*  loops,  and  they  had  something  Ilk*  640  turns 
of  copper  wire  on  tham.  You  could  hardly  lift  on#  of  the  loops.  You  had  to  be  awfully 
careful  with  them  ao  that  there  would  be  no  wind-induced  noise  whatsoever.  They  sort  of 
had  to  be  on  sandy  soil  and  not  shake  too  auch.  Th*  house  about  them  mustn't  touch  them 
so  that  they  had  to  have  no  wind-induced  noise  whatsoever.  In  other  words,  one  doss  need 
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to  take  a  great  deal  of  ran,  and  I  think  Dr.  Noble  had  suggested  that.  In  fact,  they  van 
going  to  look  at  the  aanaitivlty  of  their  eyatea.  My  feeling  ia,  without  looking  at  tha 
cuahere,  juet  at  tha  picturoa,  ia  that  the  aensitivity  vae  perhapa  not  quite  adaquata, 
although  ha  did  My  that  they  could  aae  hussn  raaoitancaa  and  things  like  that.  Anyway,  I 
would  urge  perhaps  if  than  i»  any  interest  in  tha  US  --  KRL  people  or  whoever  --  to  maybe 
•t  least  think  of  tha  possibility  of  the  Cutler,  Maine  station  transmitting  on  a  pair  of 
frequencies  during  certain  intervals  of  time. 

•.  MU  (PS)  i  These  sensors  actually  van  compand  with  tha  SQOlOs  an  ’  in  this  band  they 
an  every  bit  as  sensitive. 

t.  twmw  (Oil  I'm  quite  interested  in  your  comment,  Jack  (Bailees),  becc  se  va  have  already 
talked  to  Cracen  Joiner  to  use  tha  Cutler,  Maine  transmitter  to  ganarata  both  ELF  and  ULE. 
We  can  go,  I  think,  with  the  present  modulations  available  on  it,  as  far  as  30  H«,  but  this 
idea  of  using  two  generators  to  drive  them  separately  with  maybe  100  Hz  or  so  separation 
la  also  a  good  one.  X  don't  knew  that  Cracen  will  be  able  to  do  this  for  us,  but  X  have 
already  written  to  him  and  discussed  in  detail  tha  use  of  KAA.  Me  have  used  it  in  the  past, 
so  X  don't  see  a  problem  with  it,  but  that's  tha  appropriate  transmitter  to  use  indeed. 

P.  BOMIT  (M)l  X  don't  want  to  speak  for  tha  Xavy,  but  in  the  1970a  X  believe  that  they 
tried  such  an  experiment,  using  the  HAA  transmitter  in  Cutler,  Maine.  I'm  not  sure  of  the 
overall  results,  but  X  believe  they  have  been  reported  in  open  reports  out  of  tha  Naval 
Research  Laboratory. 

L.  CONCH  (0<) t  Unless  there  ia  anyone  with  a  burning  issue,  we’ll  dose  the  panel 
discussion  and  move  on  to  the  closing  ceremonies. 
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The  propagation  medium  is,  in  effect,  an  integral  part  of  many  military  systems.  For  the  most  part, 
interest  in  the  propagation  medium  has  been  focussed  on  identifying  and  quantifying  the 
limitations  it  imposes  on  systems,  rather  than  on  ways  it  might  be  altered,  or  controlled.  The 
results  of  on-going  theoretical  and  experimental  research  show  potential  for  modifying  selected 
regions  o?  the  ionosphere  in  order  to  affect  radio  wave  propagation.  A  variety  of  modification 
techniques  are  being  investigated,  both  ground-  and  space-based,  to  increase  or  decrease  existing 
ionization  or  to  create  independent  artificial  plasmas.  These  techniques  include  high  powet  radio 
waves,  lasers,  particle  beams,  and  chemical  releases.  In  addition,  recent  developments  in  high 
power  RF  sources  raise  concerns  over  system  limitations  due  to  self  induced  anomalous 
absorption,  ray  path  deviation  and  clutter.  These  proceedings  present  the  current  state  of 
ionospheric  modification  technology,  with  emphasis  on  potential  applications  for  enhancing  or 
degrading  the  performance  of  military  communications,  surveillance  and  navigation  systems. 
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